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ABSTRACT 
This research details the analysis of a ground-coupled heat pump system which 
utilizes a 20,000 gallon well-water storage tank as a source of heating and cooling. It 
addresses the feasibility of such a system and discusses the system in terms of energy 
efficiency-first law conservation analysis. The potential use of this type of system for the 
control of sensitive thermal environments involving swine is also evaluated. 
The goal of this research was to investigate iSU's SNMRC heat pump system. 
Specific objectives were; 
1. To evaluate the system in terms of heat exchanger and heat pump efficiencies. 
2. To develop a mathematical model which simulates the heat pump system, 
accounting for energy gains/losses throughout, and which is capable of predicting 
energy availability based upon various heat exchanger coil lengths, cistern sizes, 
heat pump sizes and well water flow rates. 
3. To evaluate the system in terms of its ability to provide energy. 
4. To investigate the potential of the heat pump system for control of sensitive 
i hc rma l  env i ro i i t i i c i i i ^  k ) i ' swmc .  
Investigations of this system were conducted both experimentally, and numerically 
through a mathemiatical model. Experimentally, the tank heat exchanger efficiencies were 
determined to average 0.71 during the heating mode and 0.99 during the cooling mode. From 
the mathematical model, the efficiencies were 0.72 and 1.00 for the heating and cooling 
mouCS. rcspcctiv'cly. llic mocici prcdiCLCCi uCai pump cocTTicicnLS or pcnormiiricc irom j-.S lo 
4.8 for heating and 2.4 to 4.0 for cooling. Results indicated that appropriately sized heat 
pump, heat exchanger coil and cistern were a source of supplemental heating, are energy 
conservative and offer control of sensitive thermal environments for specific applications 
involving swine. 
1  
1 INTRODUCTION 
1.1 Background 
Heat pumps have gained widespread acceptance in the United States in both rural and 
urban settings. Single units often provide both residential heating and cooling thereby 
replacing the separate units of a furnace and an air conditioner. Some heat pumps (air-
source) utilize outdoor air as a means to m.oderate energy use. Higher efficiencies are 
realized when the indoor-to-outdoor temperature is at a minimum. Such systems, however, 
miay have limited usefulness in an Iowa climate when low temperatures of winter reduce the 
heat pump efficiency to that of electric resistance heat. 
A more efficient option for northern climates such as Iowa's, is the ground-coupled 
heat pump where consistent, deep ground temperatures of approximately 52 F (Kusuda and 
Achenbach ,1965) moderate energy use both summer and winter. This efficient use of energy 
is especially of interest to the commercial swine industry which must provide appropriate 
thermal environmental conditions for optimal growth and production rates. Costly rural 
electric encgy nr nronane <ire often the energy of choice for hearing purposes. And cooling, 
when necessary, most often utilizes electricity. Heat pump technology offers both while 
utilizing energy efficiently. 
1.2 Research Objectives 
I N ^ 3 OAO \T;otor_ crvii l-nao t r\nT-nrN c\/C torr» i n T 
University's Swine Nutrition and Managem.ent Research Center (SNMRC). The system 
utilized the center's cistern—an in-ground, 20,000 gallon weli-water storage tank—as the 
grGund-coupie. The heat pum.p itself Vv'as located in the center's machine shop. Its use was 
strictly experimental since the primary source of heating for the macnine snop, a gas-fired 
furnace, provided heat for the adjacent feed mill a.s well. Becau.se the machine .shop is used 
with irregularity, cooling was not a necessity. 
The primary link between the heal pump and the cistern, was a custom designed heat 
exchanger constructed from 500 feet of one-inch polyethylene piping with a coil diameter of 
four feet. The piping was submerged in the well water storage tank, a 10-foot diameter. 37-
foot long, ribbed fiberglass tank. Additional polyethylene piping and polyvinyl chloride 
(PVC) piping provided supply and return lines to the heat pump located 70 feet away. 
The goal of this research was to investigate ISU's SNMRC heat pump system. 
Specific objectives were: 
1. To evaluate the system in terms of heat exchanger and heat pump efficiencies. 
2. To develop a mathematical model which simulates the heat pump system, 
accounting for energy gains/losses throughout, and which is capable of predicting 
energy availability based upon various heat exchanger coil lengths, cistern sizes, heat 
pump sizes and well water flow rates. 
3. To evaluate the system in terms of its ability to provide energy. 
r\ m \'oc fi rro t-'ho 11 o 1 r\f hoot concitir?*:* 
thermal environments for swine. 
J 
2 LITERATURE REVIEW 
2.1 Ground-Coupled Heat Pump Research 
Ground-coupled heat pump systems are constructed to take advantage of the earth as a 
heat source or a heat sink. As such, the extent to which thermal contact is maintained 
ultimately determines the effectiveness of the ground couple. 
Several configurations exist to create the heat exchange required of ground-coupled 
heat pump systems. Systems are considered either "open" or "closed". In an open system, 
water for the heat pump is introduced continually without recycling during operation. 
Typical open systems shown in Figure 2.1 are a) single well, b) dual well and c) single 
well/waste. Water quality and quantity in such systems is important. Proper measures must 
be taken to prevent corrosion and scaling of water heat exchangers in the heat pump since 
open systems have a continuous source of oxygen and minerals (Bose et al., 1985). 
Withdrawal and discharge of water may pose additional problems for the local aquifer. 
Many of the problems evident in the open system are eliminated in the closed system 
^.>1.^^ T-> *-u:^ *•—^ ^ ,,,..,..11,. \ 1 v^i 1 LV-/ U.O l i i Ly^Jc. \Ji u, iiA.w\a cxiiiwuiit \j i  iiujva. u:)uaiJiv 
water, is recirculated through sealed piping. An appropriate length and configuration of 
piping provides the necessary heat exchange with the contact medium. Horizontal and 
vertical loops are shown in Figure 2.2 with series and parallel configurations for vertical 
loops detailed in Figure 2.3. One additional closed-loop configuration (not shown) involves 
Soil thermal conductivity, affected by moisture content of the soil is an important 
parameter to consider for earth-coupled closed loops. The vertical heat exchanger is installed 
deep enough to take advantage of both the constant tem.perature of the earth and the high 
thermal conductivity of saturated soil which lowers its resistance to heat transfer. The 
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horizonta! heat exchanger which is installed within 6.5 feet of the ground's sunace. on the 
other hand, is subject to seasonal variations in soil temperature and moisture. These 
variations result in the need for an increased length of heat exchanger for the horizontal loop 
in comparison to the vertical loop (Klimkowski et al.. 1985). The lake loop system will 
result in lower winter fluid temperatures (northern climates), but the reduced installation 
costs may com.pensate for any minor reduction in performance. 
The temperature of the ground and other soil thermal characteristics are extremely 
important factors when considering using the earth as a heat source or sink. Although exact 
ground temperature at a specific site can be obtained only by direct measurement, equations 
and statistical data (Mei. 1988; Bose et al., 1985; Akridge and Poulos, 1983; Kusuda and 
Achenbach, 1965) are available which allow reasonably accurate calculations of ground 
temperatures for various geographical locations, time of year, and for various depths and soil 
characteristics. Important soil characteristics are density, thermal conductivity, and specific 
heat. They combine to provide thermal diffusivity, a parameter which is an integral part of 
the ground temperatures reviewed. Thermal diffusivity varies with the thermal conductivity 
Ot tl^iC soil C.7iCi SC^' hioc 1 r\i~i rhciT-moi r*r\nrlniir\' 
Van Wijk and De Vries (1963) demonstrated that when the moisture content of clay 
decreases from 40 to 20 percent, the thermal conductivity decreases by 26 percent. It is 
understandable, then, the importance of soil moisture content in utilizing the ground as a heat 
source/sink. Other parameters used within the ground temperature equations are annual 
surface temperature amplitude, mean annual ground temperature, day of minimum surface 
t£mpsru.turs ph3,s£ constn^t) vs2.r 
Piping length, diameter and m.aterial. fluid flow rates, and piping configuration are 
additional factors to consider for the heat exchange with the ground. A proportional 
relationship exists between the length of piping and the rate of heat transfer to/from the 
8  
ground. The pipe inner diameter (ID), wall thickness and thermal conductivity determine the 
pipe's resistance to heat transfer. Thin walls, large diameters and high thermal conductivities 
give lower thermal resistances and therefore higher heat transfer per unit length of pipe. On 
the other hand, fluid velocities—volumetric flow rate per cross-section area of pipe inside-
influence the thermal resistance inversely. That is, higher fluid velocities result in lower 
resistances to heat transfer through the fluid layer at the wall (Incropera and DeWitt. 1985). 
In this case, smaller diameter piping for a given flow rate is favored. 
Pressure drop in the piping is also a function of pipe ID and fluid flow rate but in 
combination with pipe length. In general, longer piping results in a greater pressure drop, 
however, an increase in ID for the same length of pipe will result in a lower pressure drop. 
.As can be seen, there are many variables which influence the design of heat 
exchangers for ground-coupled systems. In addition to the few combinations listed, the 
economics of construction and installation is yet another variable to be considered. While 
higher efficiencies may be designed into a system, they are usually associated with a higher 
cost. For example, in a vertical loop system, the cost of 0.75 inch pipe can be as low as SO.20 
Dcr foot ot bcrs iir.d cis hish cis S! .00 per foot cf bors for 1.5 inch (! ^^2 V And 
according to Trelease (1989). the length of pipe will be reduced less than 10 percent by using 
1.5 inch pipe instead of 1.0 inch pipe. 
2.2 Heat Pump Economics 
•Mitia! investrrient in ground-couplcd heat pump technology can be considerable when 
compared to conventional types of heating and air conditioning. .A. life cycle analysis 
completed by Bierbaum (1986) indicated that the initial investment in a closed-loop ground-
coupled heat pump system was approximately 40 percent ~iore than the initial cos: of an air-
source heat pum.p system and 140 percent greater than the initial cost of an electric furnace 
9  
and air-conditioner combined. However, paybactc was achieved after less than 7.5 years. 
Kavanaugh (1992) reported that as much as 50% of the system's first costs may be involved 
in the drilling/trenching necessary to establish a ground-couple. He funher asserted that 
premiums, when compared to a base electric cooling/natural gas heating systems, were 
typically S500 to S800 per ton for horizontal systems and S600 to S1000 per ton for vertical 
systems but pointed out that simple payback occurs within five to eight years. Bose and 
Parker (1985) concurred with Kavanaugh (1992). stating that first costs will usually be 
dominated by the cost of the ground heat exchanger. The tradeoff, however, is due to the 
high thermodynamic efficiency of heat pumps. For ground-coupled heat pumps, the heatmg 
coefficient of performance (COP) ranges from approximately 2.5 to 3.2 (units of energy 
output for each unit of electric energy input) while the energy efficiency rating (EER) for 
cooling ranges from 10.6 to 15 Btuh/VV (ARI, 1989). Such efficiencies m.ake ground-coupled 
heat pumps attractive despite the high initial costs. In terms of heating only and for less 
efficient air-to-water heat pumps, Tassou et al. (1986), using an annualized life-cycle cost 
method of analysis, determined that the heat pump offers economic advantages over electric 
reS'-SttinCC oii-firpri noiipn; Fnprov v;;ivinCT>; hyve aisd been iiOtcd bv ofaUd 
(1983) whose research found a sea.sona! .reduction in energy consumption of 219*r for a 
Louisiana residence. 
2.3 Thermal Environmental Considerations for Swine 
1 he tnermai cnvirouineiit lu which swine are raised uirccttV impacts produciion anu 
growth rates. The thermai environment for livestock considers such factors as air 
temperature, humidity, air velocity, ground surface temperature, and radiant energy from 
surfaces within the physical environment in which the animal is contained. Poultry and 
livestock are homeothermic, which means thev maintain a relativeiv constant internal body 
1 0  
temperature despite temperatures changes within their environment. For swine the average 
internal body temperature is 102.5 F with a range of 101.6 to 103.6 F (Midwest Plan Service, 
1987). In order to maintain temperature within this range, pigs must adjust their rate of heat 
production to balance heat io.ss and heat storage. Operating near the extremes of this 
temperature range result in lower growth and production rates while operating outside the 
temperature range can be fatal (Midwest Plan Service. 1987). 
The temperatures for ma.xim.um. swine performance are listed as 85 to 70 F for !2 to 
75 pound pigs and between 60 and 70 F for 75 to 220 pound pigs. The minimum (lb feed)/(lb 
gain! ratio occurs within these ranges as well (Midwest Plan Service, 1987). .According to 
Esmay (1978), adverse effects are apparent sooner from high than from low temperatures and 
livestock are considered to be depressed by temperatures over 75 F. Various methods of 
cooling livestock include providing cooled drinking water, increasing convective cooling, 
providing a cooled slab, evaporative cooling, inspired-air cooling and air conditioning. 
Brumm and Shelton (1987") studied the influence of reduced nocturnal temperatures 
on the performance of weaned pigs. While increased gain was associated with the treatment, 
:in ;)nninnnni henc'u (ii reouceu uiiniv innul 'ov over 30 oci'ceni was also realized. 
Nienaber et al. (1987) evaluated the effects of cyclic temperatures on growing (44-88 
lb) and finishing (140-220 lb) swine. Negative performance response occurred for the 
finishing swine which endured cyclic temperature patterns of ±22 F at 68 F and at 41 F while 
swine maintained at constant temperatures of 68 F or 41 F were not affected. Growing swine 
vvcrc noi aticcLcd. uV iTiC ciincr trcciLrncrit. 
Special considerations need to be made for the various swine types. Newborn pigs, 
for example, need an environment with temperatures which range between 90 and 95 F for 
the first three days of life while the sow is most comfonabie at 60-65 F. For 3-week-old pigs, 
a temperature of 85 F is recommended and for growing-finishing pigs, a tem.perature between 
1 1  
60 and 70 F is recommended (Midwest Plan Service. 1987). Another consideration may be 
the use of artificial cooling for breeding and gestating swine. 
3 EXPERIMENTAL SET-UP 
3.1 Facility 
A 1.5 ton (18.000 Btuh) water-to-vvater .heat pump system was installed at Iowa State 
University's Swine Nutrition and Management Research Center (SNMRC). located 
approximately two miles northwest of Ames. Iowa. The system utilized the Center's cistern--
an in-ground, 20.000 gallon well-water storage tank—as the ground-couple. The heat pump 
itself was located in the Center's machine shop. The shop, a 590 square foot room with a 15 
foot ceiling, occupies a quarter of a larger building on its east side (Figure 3.1). 
The heat pump's use was strictly experimental since the primary source of heating for 
the machine shop, a gas-fired furnace, also provides heat for the adjacent feed mill. .Also, 
cooling was not a necessity for the machine shop as it is used irregularly. 
3.2 Equipment 
.A 5-ton (60,000 Bluh) Commiand .Aire Heat Pump (Model WHP611) was the initial 
licat pump installed for this rcscarch. The ur:it failed before any experimental d2t:\ covid 
collected and was replaced with a Fedders Solar/Compression Furnace (.Model SOCF-
020700). The Fedders unit, a water-to-water heat pump, was rated at 20.000 Btuh heating. 
Its configuration orovided for heating oniv. In order to collect cooling data the piping itself 
was reversed so that the condenser discharged waste heat to the cistern while the evaporator 
supplied cooiing to the machine shop. 
The 20.000 gallor. v,-ell-water storage tank is ar: Owens-Coming (Model D-6 20.000) 
fiberglass tank (Figure 3.2'). Its inner diameter is 10.0 feet. The ribbed, cylindrical 
midsection is 27.0 feet ions and the endcaos are soherical with a radius of 5.0 feet. It has a 
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22.0 inch, nanged manway with a two toot long extension, as shown. Weil-water is supplied 
through a 6.0 inch N'PT fitting located at the bottom of the tank on the left-hand side. It is 
discharged within the tank through a four inch diameter. 7.0 foot extension to the fitting. 
Water is withdrawn from the bottom of the tank through the right-hand side 6.0 inch NPT 
fitting. The tank's thermal characteristics are discussed in section 6.3 and Appendix E. 
The primary link between the heat pump and the cistern, was a custom designed heat 
exchanger (Figure 3.3). The main portion of the heat exchanger consisted of 500 feet of one-
inch polyethylene piping (Schedule 40) submerged in the well-water storage tank. The 
piping was purchased in 100 foot-long sections bundled in four-foot coils. The four-foot coil 
shape was maintained within the tank by one-inch polyvinyl chloride (PVC) piping. The 
PVC was connected to the polyethylene heat exchanger, providing supply and return lines 
from the heat pump. A horizontal section of PVC expanded the coi! over a length of twenty 
feet. Two vertical, eight-foot sections maintained the coil's vertical position in the tank. To 
prevent the coil from floating in the tank, two twelve-foot lengths of one-inch PVC were 
threaded through the four-foot opening of the coil and through four, eight-inch concrete 
hinr'k-i; snnniv ;)nri return iine^ lO ihe iMnk were esiahlisheu ihr<,)U2!l ll'ic ivvo-toot Ions 1 1 ^  w -
manway extension. Two PVC-to-polyethylene fittings were designed and constructed for this 
connection with allowance for two 0.25 inch diameter temperature probes. To complete the 
link with the heat pump, two 70-foot sections of polyethylene tubing connected at the 
manway extension were buried in the ground at a depth of 6 feet. Access to the machine 
snop was gained Lurou^n a six-incu piasLic drain tile wrucri penetratcG tnc cemem iioor iicxi 
to the east waii. 
Water pumping was accomplished by two. high head Grundfos circulating pumps 
(Model UP-26-96 BF). The performance curve, nearly linear, indicated 30 feet of head at 
A i L XCI IAIi(:l k' ( 
Figure 3.3 Heat exchanger coil configuration 
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0 gpm and 0 feet of head at 25 gpm. Standard power requirements for each pump were 205 
watts of input for a single phase of i 15 volts. 
Two First Company fan coil units (Model 6HBC-3) were used to distribute the 
heating and cooling to the shop. Maximum heating capacity of each unit was 24.100 Btuh at 
5.5 gpm. and an entering water temperature of 120 F. The total cooling capacity of each unit, 
at an entering water temperature of 45 F. was 22.200 Btuh at 5.7 gpm, a dry bulb temperature 
of 84 F and a wet bulb temperature of 67 F or at 17.800 Btuh with a tlovv rate of 5.7 gpm, a 
dry bulb temperature of 75 F and a wet bulb temperature of 63 F. 
3.3 Data Acquisition 
Temperatures, volumetric flow rates and power consumption were monitored 
throughout the system. Thermocouples were located strategically within the storage tank 
surrounding the heat exchanger as we!! as at supply and return entrances to the heat 
exchanger, and at supply and return entrances to the evaporator and condenser sides of the 
heat pump. Volumetric flow rates were recorded for water on both evaporator and condenser 
consumption of the heat pump and its two associated water pumps vv'as recorded utilizing a 
watt transducer. .-Ml data, except the well-water flow rate, were recorded automatically using 
the Campbell Scientific (Model CRIO) data acquisition system. Sensor locations are shown 
in Figure 3.4. The well-water flow rate was recorded manually. 
Temperatures throughout the system were recorded using T-type (copper-constantan) 
thermocouples. The output from this sensor is m.illivolts. A positive linear relationship e.\!sts 
for voltages from -6.258 to 20.869 mV and corresponding tem.peratures from -454 to 752 F 
with a cold junction reference temperature of 32 F. This temperature range far exceeded the 
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temperature range encountered in the current research. It was. therefore, more than adequate 
tor measuring system temperatures. 
The water flow rates on indoor and outdoor sides of the heat pump were monitored by 
Rho Sigma (Model RS 6805 ) tlow meters. The output from the meters is in the form of a 
pulse and corresponds to gallons. The resolution is 0.25 gallons per pulse. Pulse amplitude 
(high) is 2.0 to 5.5 volts while pulse amplitude (lowi is from 0 to 0.8 V. Pulse width and 
spacing are each a m.inim.um of 2.5 microseconds. The calibration procedure is de.scribed in 
.A.ppendi.x A. 
An Ohio Semitronics (Model PC5-06iC) watt transducer was used to measure 
instantaneous power. Output from 0 to 10 volts direct current corresponds to a full .scale of 
20 kilowatts. Response time is 250 milliseconds and accuracy is ± 0.5% of full scale. 
Because the CRIO com.puter accepts a voltage range of -2.5 to 2.5 Vdc. a voltage divider was 
constructed to step down the output for compatibility with the CRIO. The calculations for the 
voltage divider and subsequent calibration of the unit are outlined in Appendix A . 
The Campbell Scientific CRIO and an AM416 relay multiplexer collected data from 
I'ne 'tensors. Sixlcci'i i -Tvoc thcfrnocouuics were conncctcd to the rriultipiexer. The CRIO 
contained a lOTCRT thermocouple reference. The two tlow meters were connected to the 
pulse input channels on the CRIO while the watt transducer was connected to one of the six 
paired analog inputs. 
The program written to collect and process data (Appendix B) sampled sensors every 
minute cxcept puise inputs wnicn were auiomaiicaiiy saiiiplcii al a h'cquency ot 8 IIz. 
Polynomial curve fits were input for the soecific heat and density of water as a function of 
temperature. At each sampling, the heat rate was calculated for both condenser and 
evaporator sides of the heat pump as well as for the heat exchanger located in the well-water 
storage tank. The following formula was used for the calculation; 
:o 
q = pv'car 
where 
q = the heat rate. Btu/h 
p = the density of water. IbrrL/ft-' 
V = the volumetric flow of water. ft-/h 
c = the specific heat of water. Btu/lbm-F 
A7 = the temperature difference between inlet and outlet. F 
Calculations were completed at each sampling then averaged every ten minutes in order to 
reduce the amount of data to be stored while at the same time maintaming the integrity of the 
time-dependent and variable interdependent calculation. 
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4 HEAT EXCHANGER DESIGN 
4.1 Basic Premise 
An energy balance approach was considered in determining the heat transfer rate from 
the polyethylene piping to arrive at an appropriate length of piping to serve as a heat 
exchanger for the experimental set up. Because the flow in a tube was completely enclosed, 
this approach was applied to determ.ine how the total convection heat transfer, , was 
related to the temperature differences at tube inlet and outlet (Incropera and DeWitt, 1985). 
In considering the control volume of Figure 4.1, the mass flow rate, m, is constant and the 
convection heat transfer occurs at the inner surface. Fluid kinetic and potential energy 
changes, as well as energy transfer by conduction in the axial direction may be considered 
negligible. Now, only thermal energy and flow work are of importance. Flow work is the 
result of fluid moving through a control surface (Moran and Shapiro. 1986). On a per unit 
mass of fluid basis, it may be expressed as the product of the fluid pressure p and specific 
volume V. The process of applying the conservation of energy to the control volume is 
Ouiln'icd bciOw. 
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Figure 4.1 Control volume for interna! flow in a tube. 
r„, is the mean fluid temperature. From the diagrami. the differential approach 
provides 
dqconv + >n(cT„^ + pv) - [m(cTf„ + pv) + ni d(cT.,.^ + pvld.x / = 0 (4.1) 
dx 
or. more simply and on a per mass basis, the difference in specific enthalpy between inlet and 
outlet provides the energy transfer from the piping as 
^conv ~ l4._) 
The right hand side of Equation 4.2 is the sum of the internal .specific energy and flow work 
and may be written as 
hg - h: = u„ - Uj + v(p„ - pi) (4.3) 
where 
J* Tm.o c(T) dT (4.4) Tm.i 
so 
r Tm.o 
I CfTj dT + \'(p„ - pi) (4.5) J Tm.i 
rhen 
I Tn I m.o 
^Iconv = I cf T) dT + v(p„ - Pi) (4.6) 
J Tm.; 
Based on a maximum Ap for the system of 32 feet of pump head, the second term on the right 
mav be neglected (32 ft / 778 ft Ib/Btu = 0.04 Btu/lb vs. cdT of approximately 5.0 Btu/lb for 
a dT = 5.0 F). The resulting equation for the heat transfer rate (including mass flow) is 
ciconv = mCp{T^ „ - T^ -,) (4.7) 
In order to proceed with the ground-coupled heat exchanger, certain assumptions were 
made. They are! 
1. Steadv-state conditions. 
2. Constant properties. 
3. Incompressible liquid. 
4. Negligible kinetic and potential energy changes. 
5. Uniform convection coefficient at outer surface. 
4.2 Procedure 
The overall resistance of the polyethylene piping. was determined by calculating 
the inside and outside convective heat transfer coefficients and combining them with the 
conductivity of the piping. was then achieved by analogy to a resistance network. The 
energy balance procedure outlined in 4.1 was reworked to yieid an equation which provides 
the length of piping required to achieve the necessary heat transfer. The procedure is outlined 
below. 
The resistance network was set up as follows; 
where 
= Inside convective heat transfer coefficient. ft- F 
= Outside convective heat transfer coefficient. Btu/h ft^ F 
Ti = Inside fluid temperature. F 
T — Outside fluid ' ' '=*rnn^=>r2^Trir(=» P 
Total resistance of the network is then 
R  z z ' / h  - ^ ^  *^'"€1 ' ' •^pipe 
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To determine tlie internal convective heat transfer coefficient, the Nusselt number identified 
by Incropera and DeWitt (1985) was incorporated. 
Nu[y = 0.023 Pr" 
where 
Re^y = Reynolds number based on pipe inner diameter, unitiess 
Pr = Prandtl number, unitiess 
n - 0.4 for heating or 0.3 for cooling, unitiess 
The Reynolds number was further defined as; 
RCf^ = 4 ni/TzDj u 
where 
m = Mass flow rate, lbf„/ h 
Dj = Interna! pipe diameter, ft 
[I = Fluid viscosity, lb/ft h 
The final calculation for the internal convective heat transfer coefficient was then 
= Nupk/Dj 
« . -1. 1 J..C WIICIC K. LS LlIC LllClIliai i^UHUUCLl V ILV U1 LUC llUIU 111 LUl/ 11" a t" l . 
The outside convective heat transfer coefficient was determined using another 
equation for the Nusselt number, based on free convection, from Incropera and DeWitt 
(1985). The equation is written as follows: 
.Vwo = {0.6 + 0.387 [1 + f0.559/Pr)^/^6;S/27;2 
vvncrc 
Ra^ = Rayieigh number based on outside pipe diameter, unitiess 
Pr = Prandtl number, unitiess 
The Rayieigh number was funher defined as 
r<^o — a'|3(7'v - t^)df^-^/\' cx 
where 
= Gravitational constant, ft/s-
(3 = Volumetric thermal expansion coefficient. 1/F 
(T^. - T^) = Temperature difference between the external surface and fluid. F 
= Outside pipe diameter, ft 
V = Kinematic viscosity, ft-/h 
oc — Therms! diffus!vitv, 
The external convective heat transfer coefficient was then calculated as 
hco — 
The energy balance approach demonstrated in equations 4.1 to 4.7 was modified for 
the purpose of determining the piping length needed. Figure 4.2 provides the parameters 
used in development of the equation which yielded length. 
The energy balance; 
Energy in 
mc T,, ,  
Energy out 
mc + dq 
where 
dq = (T - T^) dA 
R, ^toi 
continuing 
mc (Tin - = IT - T^) dA 
R tot 
d T  ^  ( T - T  ^ 4 A  
^tot 
Tout f •" I dA = f"" / dT 
( T - T ^ )  
Af = In T - T '  ^ nut ^ oo 
mc Rrot T- - T f in ^ » 
The equation for length is then written as 
L ^ -In \T„,„ - r, 
i / • I - in T 
\mc R ici 
KU 
The internal film resistance was determined to be 0.003 h ft- F/Btu for an internal 
flow rate of three gallons per minute. Considering laminar flow conditions on the exterior of 
the pipe, the external film resistance was determined to be 0.019 h ft- F/Btu. The pipe 
resistance was 0.028 hft-F/Btu. A total thermal resistance of 0.050 hft-F/Btu was calculated 
e honf trmcfcr r-o<»fflvipr ih ninp 
— r T * 
resistance. 
.A.ltemate calculations of total resistance using an internal flow rate often gallons per 
minute yielded a resistance which was only 4.0 percent ic.ver than the resistance at three 
gallons oer mmute. 1 he length of Dining reauired for the 3.0 gom rlow rate was determined 
27 
to be 300 feet while for the 10.0 gpm flow rate, the length was calculated to be 425 teet. The 
500 feet of piping used within the tank was considered a conservative length. 
5 EXPERIMENTAL RESULTS 
The experimental portion of this research consisted of continuous run-time periods for 
the heat pum.p during both heating and cooiing seasons. Continuous operation was conducted 
for the purpose of demonstrating the resilience of the well-water storage tank in maintaining 
consistent water-source temperatures despite the thermal impact of the heat pump. The 1.5 
ton unit installed, however, met with performance difficulties from stan-up. The expansion 
valve had to be replaced. Because the unit is no longer manufactured and limited 
specification information was available, the expansion valve installed as a replacement 
created a conuition wuich required the water flow rate through the evaporator to be tiriCly 
balanced to prevent refrigerant floodback. A flow rate of approximately 0.5 gpm was 
necessary. Subsequent performance of the heat pump was highly variable and resulted in an 
erratic heat rate from the evaporator side of the heat pump. The end result was that the 1.5 
ton heat pump unit operated at approximately one third its rated capacity. 
5.1 Heat Pump Performance 
Heating mode data was collected from March 17, 1994 to .April 1. 1994 while cooling 
mode data was taken from May i8. 1994 to May 25. 1994. During each period of lime, the 
heal pump ran continuously. The impact of the heat pump on ihe wel!-waler storage tank was 
minimal during the heating m.ode. .A. com.parison of weii-water storage lank temperature to 
the rate of heat extracted from the tank during this mode of operation is shown in Figure 5.1. 
The tank temperature is observed to fluctuate as erratically as the rate of heat extracted by the 
heal exchanger. Upon closer inspection, however, the overall variability occurred within a 
range of less than one degree Fahrenheit over a 14 day period of time. From this perspective, 
the tank temoerature was considered relativelv constant throushout the neriod of continuous 
exhausted to the tank from the heat pump condenser (Figure 5.2), indicated a gradual 2 F 
increase in tank temperature over the eight-day continuous run period. The heat rate through 
the heat exchanger from the condenser is noticeably more stable than that displayed in Figure 
5.!. Also, the water flow rate through the condenser during this time was approximately 4.6 
gpm compared to an average 0.5 gpm during the heating mode. The sharp drop in during 
Julian day 143 may have been the result of the heat pump being shut off. A review of the 
data for that day indicated that only enough power to run the circulating pumps was being 
recorded for a 5 hour period of time during midday. Upon close inspection of Figure 5.2. it 
is interesting to note that the temperature of the tank began to drop very shortly after the heat 
pump was off, then began to rise when the heat pump came back on and is indicative of the 
tank's resilience to thermal impact. 
Heat pump efficiency is given a rating called coefficient of performance (COP). This 
rating is the heating or cooling capacity of the unit divided by the power input. For heating 
and cooling the COPs are calculated respectively, as follows: 
COPh = qi/(Px3.4}2) 
r> • // r% j i \ K = a Ji r  X y z ; 
where 
4/; = Heating capacity of unit, Btu/h 
= Cooling capacity of unit, Btu/h 
P = Power input to unit, W 
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Another used rating for refrigeration is the energy efficiency ratio (EER) which is the 
cooling capacity (Btuh) divided by the power input (watts) or in equation form 
EER = q^P 
The average COPj, achieved by the heat pump was 1.39 while the cooling COP was 1.06. Or. 
in terms of the energy efficiency ratio. EER = 3.62 BtuhAV. Performance of this kind is low-
in comparison to heat pumps operating at full capacity but is the kind of performance 
expected for off-design conditions. 
The energy input to and output from the heat pump may also be analyzed. For 
heating, the heat capacity (condenser-side) is the sum of the power input and the energy 
gained through the heat exchanger (evaporator-side) of the heat pump. In equation form. 
^cond ~ ^evap ^ 
This is represented graphically in Figure 5.3. Inspection of the graph indicates once again 
how variable the evaporator heat rate was. The evaporator heat rate curve shows the greatest 
amount of fluctuation and its influence on the condenser curve is noticeable. Of further 
mention is the relationship among curves as suggested by the equation for qcond ^bove. 
pump, Qcond^ decreases, but less so, and a subtle increase in power, as expected, is 
observed. 
For cooling, the cooling capacity (evaporator-side) is the difference between the heat 
exhausted to the heat exchanger (condenser-side) and the power input. This may be written 
as 
'^evap ~ ^cond '  '  
Figure 5.4 depicts the heat pump cooling mode energy exchange. Note the closeness in 
p.foximity of the curves for power and evaporator heat rate. Recall that these two para.meters 
establish the cooling coefficient of performance—the ratio of capacity iqevap' 'o power and 
was given as 1.06 above. This relation.'^hip is easily visualized in Figure 5.4. 
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5.2 Heat Exchanger Effectiveness 
Heat exchanger effectiveness may be described in terms of inlet and outlet 
temperatures to/from the heat exchanger coil and the average temperature of the well-water 
(in the storage tank. An equation defined by Feiereisen et al.( 19821 for tanks with 
negligible stratification is written as 
^ ~ coil.in ' '^coil.oui^ ^ coil.in ' '^tank^ 
The average effectiveness of the heat exchanger was 0.7! for the heating m.ode and 0.99 for 
the cooling mode. The average cooling mode effectiveness of nearly 100 %. indicated the 
postitve effect of a low flow rate (approximately 0.5 gpm) on heat transfer from the coil. 
Low flow rates resulted in the outlet temperature from the heat exchanger to becomie nearly 
identical to the temperature of the storage tank well water. 
5.3 .Analysis of Uncertainty 
The probable uncertainty in determining the heat pump condenser and evaporator heat 
rates was accomplished by an analysis of the uncertainties in the individual measuring 
ClS\'!CCS for the of rh^v The fnrTT^iii^m uir hc*ai nuiTin 
heat rate follow. 
q i  =  p c  V ;  ( T j  -  T ^ )  
q „  =  p c  V j ( T ;  -  T 4 )  
The uncertainty in the calculation was due to the inaccuracies in measurement of 
temperatures and volumetric tlowrates. I'he density and specific neat of water were 
considered to constant. The m.easurement, device, and uncertainty of each device are listed in 
Table 5.1. Table 5.2 provides the average temperature, flow rate and power u.sed for the 
analysis. 
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Table 5.1 Percent of uncertainty in each measurement device 
Measursmsnt Device Uncertainty 
Temperature Thermocouple ± 2 F 
Volumetric Flow Rate Rotometer ± 5 % 
Power Consumption Watt Transducer ±0.5% 
XoKi^ 5^2 Vsliiss ussd in this snslvsis of uncertainty 
Heating Cooling 
Measurement Value Uncertainty Value Uncertainty 
T4 (F) 48.2 ± 0.2 98.1 0.2 
T5 (F) 48.6 ± 0.2 59.9 0.2 
T6(F) 77.4 ± 0.2 55.6 0.2 
T^ (F) ]  A  4  I U-T 0.2 57.8 - U  0.2 
V, (gpm) 0.487 ± 0.024 4.52 ± 0.226 
* 0 vgH'"' 4.63 0.23 0.475 ± 0.237 
P (Btu/h) 6070 ± 30.4 6700 33.5 
The analysis of uncertainty was completed following the approach demonstrated by Henr\' et 
al. (1991) and outlined below. For the indoor side of the heat pump, the uncertainty is 
written as 
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dqi = ( — ^ • ( o v /  -  + ( — ^ • c o r t ) "  + ( — ^ • 0 0  7 6 ) -
^dVi  ^  ^dT i  ^Te  '  
and for the outdoor side the uncertainty is determined bv 
, {/"^Qo \-) / ^qo \~) / '^Qo \  • dqi = % - ^ » ( i )voY +(—^•cors)" ^(-^•(U T a ) 
"^aVo ^ ^dTs ^ ^374 ^ 
Results of the analysis are tabulated in Table 5.3. An error of uncertainty of /4.6 % is 
indicated for the energy rate, on the outdoor side of the heat pumo (evaporator). The hish 
level of uncertainty was traced to the combined effect of low heat rate (small temperature for 
the flow rate) and the water flow rate during the heating mode. While disconcerting, this 
result helps explain the erratic heat pump behavior described in Section 5.1. It further 
identifies the heat rate to the evaporator as the unstable heat pump parameter. This 
conclusion is also supported, though to a lesser degree, by the percent of error for the heat 
rate to the indoor side (evaporator) of the heat pump, qi. during cooling. 
Parameter Heating l^Jooiing 
q-, (Btu/h) 
n fRtn/h"\ 
^ ' 
6570 ± 5.1% 
882 + 74.6 % 
4940 
9088 ± 5.0 9c 
P (Btu/n) ZIZ iC 
?6 
6 SYSTEM MODEL 
6.1 Rationale for Model 
A mathematical model was de\'eloped for the purpose of making predictions 
regarding the availability of thermal energy from a cistern-based, ground-coupled heat pump 
system with the prospect of reducing energy consumption at a commercial swine facility. Us 
de\'e!opment allowed for the manipulation of \'ariables which were beyond those limited by 
the experimental set-up and which influenced energy availability. 
Cistern size, heat exchanger length and material characteristics, heat pump capacity. 
How rates and soil characteristics are variables capable of being manipulated by the model. It 
is viewed as a valuable tool in assessing the potential for use in such sensitive thermal 
environments as breeding, gestation, farrowing and nursery. 
6.2 .\ssumptions Used in Development 
Assumptions used for the heat pump revolve around the thermodynam.ic principle of 
conservation of energy. Basically, energy input equals energy output with the assumption 
being that no energy is stored. For heating, the rated capacity of a unit is equal to the sum of 
electrical energy input to the unit, and heat extracted from the ground-source. For cooling, 
the cooling capacity is the heat exhausted to the ground-source minus the electrical energy 
input. The equation form of each is shown below. 
= P 4- / / .  Hp;iiincr 
-/ m u • • w 
".kpi ='4hpo - P Cooling 
where 
qj,pj = Heating.'cooiing capacity of unit. 3tu.''h 
- Heat rate from/to ground source. Btu/h 
P = Electrical energy supplied. Btu/h 
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In addition, the heat pump roomside temperature was assumed constant. This resulted in 
four, one-dimensional curve fits based on source water temperature. Two were for the 
capacity of the unit-one for heating and one for cooling. The remaining two cur\-e fits were 
tor the unit's power consumption—heating and cooling. The data were obtained from the 
manufacturer and based on the .Air-Conditioning and Refrigeration Institute's Standard 320 
(American Air Filter. 1986). 
The heat exchanger submerged within the storage tank, was assumed to consist totally 
of polyethylene piping. Schedule 40. even though approximately thirty feet of its length was 
PVC piping. Convection coefficients for the piping were determined for the purpose of 
calculating total thermal resistance in a radial direction. The internal flow rate was assumed 
to be 3.0 gpm while external free convection on a horizontal circular cylinder was assumed to 
be the fluid condition outside the piping. As previously mentioned, a change in the internal 
flow rate to 10 gpm resulted in a total resistance which was only four percent lower than that 
calculated at 3 gpm. 
The polyethylene tubing within the ground was assumed to be buried at a depth of six 
ieci iui" lis entire 'en^fn even thoush on auuroach to the storage tank ;t rcached a depth of one 
foot. This length amounted to no more than five percent of the buried length. .Also, the 
length of piping within the machine shop was purposely neglected, it amounted to less than 
five percent of the total heat exchanger length. 
The depth below ground surface of the top of the well-water .storage tank was 
assumcG to ce two leet. 'vjrounci lemperaiures at luur ucpti is, based 'apO;~! tank uiarrictcr. were 
calculated as if the tank was buried below ground even though it is buried in a mound. 
Because ground water tem.perature at a depth beyond 30 to 60 feet is very nearly equal to the 
annual average air temperature, as reponed by Kusuda and Achenbach i 1965). the inlet 
temperature of well-water to the tank was assumed to be 52 F based on data from Kusuda and 
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Achenbach ( 1965). Water within the tank was considered well-mixed. This v*.as xcrii'ied by 
ten tank temperatures monitored at various horizontal and \enical positions. These 
temperatures differed by less than 0.5 F. The tank well water temperature, therei'ore. was 
considered uniform. In turn, the outlet water temperature from the tank to the Center, was 
assumed to be the temperature of the water in the tank. The water in the tank was considered 
to be at a height which would contact 75'^r of the cylindrical surface area (approximately 
90^f of its volum.c). The wall of the tank was considered a plane one-dimensional wall for 
purposes of heat transfer. 
Ground temperatures were estimated using the following equation from Bose et 
al.( 1985): 
t . = 7",,; - [A^ i'xp(-x (TJ365a. '/'- }j cos (2:l^365 [D - D„ - x/2 {565/ ~ a ) '  - / /  
where 
7,„ = .Mean earth temperature. F 
— AnP.U2! SV.rT'lC^ nmnlnnne F 
a = Soil thermal diffusivity. ft-/day 
.V = Soil depth, ft 
D - Day of year (Jan 1 = 1). days 
Z)„ - Phase constant, day of minimum surface temperature, days 
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6.3 Description of Development 
Initial development began by defining the physical parameters of the well-water storage 
tank. Formulas for surface area and volume were developed based upon tank diameter and 
length of the cylindrical segment of the tank. As mentioned previously, each endcap consists 
of a hemisphere the radius of which is half the tank diameter. The tank was di\ ided into four 
sections of equal area along the horizontal direction of the tank's cylindrical midsection as 
shown in Figure 6.1. This provided four levels or depths at which ground temperature, and 
thereby heat rates, were calculated. The rate equations of Fnurier and ^'ewtnn provided the 
basis for calculating the rate of heat transfer across the wail of the tank. For conduction, a 
form of Fourier's law is e.xpressed as 
where 
k = Thermal conductivity. Btu/h ft F 
.4 = The wail area normal to the direction of heat transfer, ft-
AT - Temperature difference. F 
.And from Newton's law of C()()lin<^. 
q - hA 
where 
h = Convection heat transfer coefficient. Btu/h ft- F 
= llic Wtiii i ' .ici; iO ll 'ic uiicCliOf: ot hcat tranSiC". t;-
Xr = Temperature difference. F 
Figure 6.1 Tank sectional surface areas 
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These two equations may be combined by utilizing a parameter known as the o\ erall heat 
transfer coefficient. The eyuation is as follows! 
a = ll4ar 
where 
U = Overall heat transfer coefficient. Btu/h ft-F 
.4 = The wall area normal to the direction of heat transfer, ft-
Xr = Temperature difference, F 
The overall heat transfer coefficient is related to the total thermal resistance, R^,, by 
UA = l/R,,, 
and 
Rt(ii — I/tiA. + t/kA + R^q[i  
where L is the tank thickness. 
The total resistance across the wall of the well-water storage tank was calculated for 
three wall configurations and two fluid conditions—air and water—for a combination of six 
U111V,1WML LWLUI vyjwi ^  ^  ^  s- ^ .  .  - .  .  ^  ^  ^  
twelve equations for calculating the overall heat transfer coefficient-area product. i'A. were 
the outcome. 
The analvsis in section 4.2 for design of the heat e.xchanger wa.s incorporated into the 
system model. Instead of solving for length as in 4.2. however, the equations for the model 
were developed to yield outlet temperature. For a known length of piping, the outlet 
lC111 pC 1 atuie IS a luuCLion 0i inlcL Lcmperatiare. mi.emal fl0^^ raic. tola! pipt, reSiS^ance. ground 
i.citipcrurjr£ or tiink. waiter icrnpcriiiurs unci volume ol wuicr within ihc itink. us wci! lis its 
flow rate. The formulas used for this development are located in .Appendix D. 
a2 
Heal pump modelling was accomplished by curve fitting manufacturer s 
heating/cooling capacities and power input, to the water-source inlet temperature. This 
resulted in four equations, capacity versus inlet temperature and power \ersus inlet 
temperature, two each for heating and two for cooling for each unit considered. One 
additional set of curves, one for power and one for capacity, was established to evaluate a 10-
ton heat pump but in the heating mode only. The manufacturer's data listed water-source 
temperatures as low as 60 F. Extrapolation below this temperature was considered 
reasonable after discussion with the HVAC technician (Kapaun. 1994) who supplied the 
manufacturer data and considering that the best fit equations for the units used were Imear. 
Conservation of energy principles were incorporated throughout the model. Figure 
6.2 shows the various heat rate losse.s/gains across control volume and the parameters needed 
to determine them. 
The program created to test the model was written in FORTR.AN. The FORTRAN 
code is located in Appendi.x C. .A.n inout file contained most of the constants and variables 
required of the program. The user input whether heating or cooling was requested, the 
r.urr.cr'.c dav ct t.^.e \ 'ear the test to m.'rn'npr ni i'cir whicii li uu.n I'un. and 
the !low rate of water through the outdoor side of the heat pump. The file input variables are 
described in Appendix C. Output provided is on an hourly basis. 
6.4 Verification of Modei 
The heat pump model was developed from experimental data of capacity and power 
curve fit to the experim.entai water-source inlet temperature. .A two degree polynomial curve 
t'it was used for heat pumip capacity and a one degree polv'nomiai was used to dcscnbc the 
power inout during the heating mode. For the cooling mode, one degree polynomials were 
used for curve fits of both power and heat pump capacity. .Appendix D contains the curve fit 
Power 
•l"u Mlipo 
'llipi 
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)i imi:j 
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Kif^uie 6.2 luior^y j^ains/losses and other parameters used 
ill development of the mathematical model 
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equations. No attempt was made to model the heal pump more closely because of its erratic 
nert'ormance (described in Chapter 5). However, because temperatures were considered more 
indicative of energy gains and losses within the system, various .system parameters were 
manipulated in an effort to improve the numerical model. Im.provements to the numerical 
model are considered in section 6.7. 
The system model was verified by comparison to experimental data. Temperatures 
und hciit r2,t£s vvsrs compiirsd. The results o.rs shown sruphiCtilly in leisures 6.3 throush 6. !0. 
Figures 6.3 (heating) and 6.4 (cooling) compare experimental heat exchanger inlet and tank 
temperatures. T^x.-mcxn) "^lankicxp) respectively, to those calculated by the model. 
Th^ inimodel) "^tankfmodel)- '^he heating mode, the difference between tank 
temperatures, experim.ental versus model, ranged from -1.97 to 0.27 F and heat exchanger 
inlet temperatures differed from -2.4! to -.47 F. Mode! heat exchanger inlet tem.peratures 
differed most from the experimental temperatures during the cooling mode, from a low of 
-1.12 F to a high of 4.37 F while tank temperature differences ranged between -1.18 and 
0.32 F. 
Thp <hnm riprnnp in exnpnmenrpi hp;>r lernnertULircr « Figure 6.4) vviiicii 
occurred during Julian day 143. was excluded from this analysis because it did not represent 
the continuous operation being evaluated. Tank water temperature differences exhibited the 
smallest variation, ranging from -1.18 to 0.32 F. Figures 6.5 and 6.6 compare experimental 
and mode!, heat exchanger inlet and outlet temperatures. Inlet temperature differences 
ranged trom -0.47 to -2.41 r during the heating mode and trom -1.1-1 to -r.ji/ ir, as mentioned 
previously, during the cooling mode. Outlet tem.perature differences ranged from 0.0 to 
-1.83 F during the heating miode and from -!.25 to 0.31 F during the cooling m,ode. 
Temperatures on the outdoor side of the heat pump are represented in Figures 6.7 and 
6.8. The difference between experimental and model, inlet temperatures ranged from -0.04 to 
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Figure 6.3 Tank and heat exchanger inlet temperature data; experimental vs. model 
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Figure 6.4 Tank and heat exchanger inlet temperature data; experimeniai vs. moclcl 
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t igure 6.5 Heat exchanger iniet outlet temperatures: experimental vs. model 
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Figure 6.6 Heat exchanger inlet outlet temperatures: experimental v.s. model 
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Figure 6.7 Heat pump evaporator inlet/outlet temperatures; experimental vs. model 
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Figure 6.8 Heat pump condenser iniet/outlet temperatures: experimentai vs. mode! 
-2.20 F for heating and from -6.96 to -14.00 F for cooling. For outlet temperature 
differences, the range was from -2.42 to -0.13 F for heatmg and from -13.86 to -0.95 F for 
cooling. 
•A comparison of experimental and model heat rates and power associated with the 
heat pump are shown in Figure 6.9 for heating data and in Figure 6.10 for cooling data. 
There is wide variability between experimental and model data. Much of this variability is 
due to the erratic perform.ance of the heat pump. Because of this, the average experimental 
heat pump heat rates and power were used for comparison. For heating, the difference in heat 
capacity (q,r,<Joor^ ranged as high as 10.91 while the power (Power) rate varied by as little as 
4.65 9c. The difference between experim.ental and model heat rates on the outdoor side of the 
heat pump (qoutdoor'- other hand, ranged from -31.87 to 23.95 "/r (heating mode). For 
the cooling m.ode. the difference in cooling capacity (q,ndoor) ranged from 30.10 to 34.06 9c. 
the difference in the outdoor heat rale (qouiijoor) ranged from 16.23 to 17.52 and the Power 
difference was from -39.82 to -38.50 %. 
Once again, this wide variability w^as traced back to the fact that the heat pump was 
('ficraiInai iicaiiv tiiiiij its ratcu cauaciiv and that ilow rates had to be fincl\ balanced in 
order for the heat pump to operate within a range which prevented refrigerant iloodback. 
Regardless of the heat pump performance, however, the tem.peratures provided a more 
accurate representation of the system model as they are the result of energy exchanges beyond 
the heat pump. Favorable temperature comparisons of model to experimental data suggested 
tnat tne systemi mocei as ueveiopeci. is a reasonable mode; (ji die ci.^i.cin-'oa.-^cd hcai pump 
svstem. 
49 
Heating Mode 
0 mdour (mode!) q indooricxp) 
( S  -
Pn\ v t > ( o x p )  ( m o d e l )  
q  o u i d ( M ) r  i  m o a e i )  q outdoor '.exp5 
r- 2C >c c 
r-- r- r- r-
Julian Dav of Year 
Figure 6.9 Heat pump heat rates and povvs ita! vs. mode! 
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6.5 Prediction Capabilities 
The system model is configured such that various capacities for the heat pump may he 
considered for either the current heat exchanger-cistern arrangement or one of several other 
variations. Curve fit equations (Appendix D) for two EnerCon water-source heat pumps 
were programmed into the model. One is a 1.5 ton unit, the other is a 5 ton unit. Each were 
programmed for three distinct water-source flow rates. V',^. for both heating and cooling. The 
1.5 ton unit perfonued well with the system as currently configured except with the lowest 
water-source flow rate. 2.4 gpm. in the heating mode. After 117 hours of operation, the 
evaporator outlet temperature became 32.0 F. For the heating mode, the 5 ton unit had to be 
re configured to prevent evaporator outlet from freezing. Output for each unit is shown in 
Figures 6.1 1 through 6.18. Figures 6.1 1 and 6.13 demonstrate the intluence of heat 
extraction on tank temperature for 1.5 ton and 5 ton units, respectively. Likev/ise. Figures 
6.12 and 6.14 show the intluence of exhaust heat on tank temperature for the 1.5 ton and 5 
ton units. Unless indicated otherwise, the system configuration is that of the set up at the 
SNMRC which was as follows: 
f  —  I M f r  t H r i H i o  • - n  r  t - k  T -  t  t  H  ^  f  ' " j  n  i , '  
L = 27 ft. the length of the cylindrical section of the tank 
Hx = 530 ft. the length of the heat exchanger in the tank 
Vt = 3.9 gpm. the tlow rate of well water through the tank 
These variables were manipulated to allow for the 5 ton unit to operate in the heating mode. 
.•\ny variations are shown on the appropriate graph. Meat pump capacity data arc also 
tabulated in Table 6.1. Capacities listed are those which existed after ten da\ s of continuous 
run time. For the heating mode, this period was from January 21 to 3 1 and for cooling, from 
Julv 21 to 31. Where capacities are not listed, the low tlow rate of water through the heat 
exchanger created freezing conditions at the heat pump 
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Figure 6.11 The influence of heat extraction on tank temperature - 1.5 ton unit 
Figure 6.12 The influence of exhaust heat on tank temperature - 1.5 ton unit 
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Figure 6.13 The infiuence of heat extraction or. tank temperature - 5 ton unit 
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Figure 6.14 The influence of exhaust heat on tank tempet ature - 3 ton uuit 
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Figure 6.15 Capacity compared to tank and water source temperatures - 1.5 ton unit 
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Figure 6.16 Capacity compared to tank and water source temperatures - 1.5 ton unit 
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Figure 6.17 Capacity compared to tank and water source temperatures - 5 ton unit 
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ire 6.18 Capacity coiTipared to tank and water source temperatures - 5 ton unit 
c\ apora[or outlet. .Ai.so tabulated are the coefficients of performance. Recall that these 
indicate the amount of heating/cooling provided for each unit of electrical energy mput. 
The serrated heat exchanger, heat rate curves in Figure 6.11 through 6.14 resulted 
when mode! heat exchanger inlet and outlet temperature differences became the same on a 
variable but recurring basis. The fact that tank temperatures began to level out in both 
heating and cooling modes indicated that even under continuous operation, the system 
approached a steady state condition where tan.k tem.peratures were reasonable tor both 
continued heat pump operation and water consumption. 
Figures 6.15 through 6.18 compare heating and cooling capacities to the inlet water 
source temperature. The effect upon the tank water temperature is also observed. Variations 
in system components are noted in Figure 6.17. 
Table 6.1 Output from 1.5 and 5 ton units (after 10-day run) 
HE.4TI.\G COOLING 
Unit 
1 
I 
Flow rate 
(Spni; 
Capacity 
\  LUII ;  
T  t a n k  
<F) COPh 
Capacity T t a n k  
(F) COP,. 
1 
2.4 — — 19.8 6 1.8 4.0 1 
1 
1.5 4.9 20.S 44.5 4.8 19.6  ^  ^ r\ O-L.U 
: 
^ I 
1 6.0 20.7 45.0 3.7 19.6 62.0 3.9 
i 8.0 — — — 55.8 8D.6 —.-t 1 1 15.9 — — 57.8 80,7 1 .1  
! 
1 
1 
1 
20.0 63.2=^ 40,3 3.5 57.7 80.7 7 
1 
1 
1 
1 '  D = 12 ft. L = 35. Hx = 530 ft. Vt = 6 gpm 
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6.6 Sensitivity Analysis of the Various System Heat Rates 
The various hea: rates depicted in Figure 6.2 were analyzed after adjusting the system 
parameters of the soil thermal diffusivity around the tank. a., internal tlow rate of the heat 
exchanger. i\,. and the total resistance of the tubing in the tank. Individual heat rates 
were compared from treatment to treatment as well as to one another within treatm.ents. 
Table 6.2 provides the conditions evaluated for the heating mode and Table 6.3 provides the 
conditions for the cooling m.ode. The 1.5 ton heat pump model was used tor the purpose oi 
generating the heat rates. Though not a heat rate, power (P) is included in the table. The 
units given are appropriate. 
Table 6.2 is divided into four sections labeled for ease of discussion. Section No 1 
contains the original system configuration with listed as 0.05 ft- h F/Btu and a, as 0.35 
ft-/day. .A change in the tubing resistance to 0.04 ft- hr F/Btu, in No 2. to simulate non-
laminar conditions on the outside of the heat exchanger coil, resulted in m.inor changes in 
heat rates. .An increase of 50 % in the thermal diffusivity of the soil around the tank in 
section No 3. however, created dramatic increa.ses in the rate of heat transfer from the tank as 
ncircn' hv me noiueu i ieai raics corrcMXifiun' i i i  tO a.. T !" ic heat transfer itOiTi thc lank tor all 
three tlow rates increased by SO from conditions listed in section No 1. Increasing the 
thermal diffusivity by 100 '7c in section No 4. resulted in an increase of 164 "i'f in the tank heat 
transfer rate when compared to the conditions listed in No 1. 
.A comparison of heat rates within each treatment provided valuable information as to 
the relative imiportancc each system, com.ponent had regarding heai. Lra;;.s!c;'. Considering the 
original configuration of section No 1 only, the greatest amount of heat transfer resulted from, 
the tank heat rate. q,. The second highest was from the capacity of the heat pump. ij;. 
t 'ollowed by the heat rate to the heat pump evaporator. or the heat rate from the heat 
exchanger.4/u- depending on which tlow rate is considered. The heat transfer rate 
Table 6.2 The effect of changes to system parameters on heat rates; heating mode 
(MBtuh) 
\ olumetric Flow Rate(gpm> 
2.4 4.9 6.0 
Parameters 
Evaluated 
P 4.44 4.40 3.58 No. 1 
qo 16.16 16.27 15.35 
Qi 20.60 20.67 20.93 II 0
 
b
 
U
l 
qt -28.83 -57.36 -86.55 
'^hx 1 nn 1 VV.».wv-/ 16.37 ! 5.55 a-t = 0.35 
qpi -0.60 -0.46 -0.45 
qp2 
nw w 
0.68 
-4.60 
0.18 
-4.69 
0.05 
-4.48 
p 4.46 4.43 5.60 No 2 
qo 16.11 16.20 15.46 
qi 20.57 20.62 21.05 II
 0
 
b
 
qt -28.77 -57.20 -86.12 
q-nx 16.06 16.47 15.8! a, = 0.35 
qpi -0.66 -0.55 -0.53 
qp2 
Gxvm-
0.62 
-4 60 
0.09 
.J 70 
0.03 
-4.55 
p 4.44 4.40 5.58 No 3 
Qo 16.17 16.28 15.34 
qi 20.60 20.68 20.92 Rf^., = 0.05 
qt -51.76 -103.22 -155.36 
Q.hx 15.98 16.34 15.5 i a, = 0.50 
Mpl 
a„7 
_ -> G VY Y 
/-A Y' 
u.ov f\ ^ A y j .  I  y  u.v.^0 
Qww -4.84 -4.93 -4.72 
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Table 6.2 The effect of changes to system parameters on 
heat rates; heating mode (continued) 
Heat Rate Volumetric riow Ratetgpm) Parameters 
(MBtuh) 2.4 4.9 6.0 Evaluated 
p 4.44 4.40 5.58 No 4 
Mo 16.18 16.29 15.32 
20.61 20.68 20.90 = 0.05 
qt 
0
 1 -151.72 -228.12 
Qhx 15.96 16.32 15.46 a, = 0.70 
ipi -0.58 -0.43 -0.42 
qp2 0.70 0.20 0.06 
Qww -5.i0 -5.19 —¥.y / 
troni/'to the piping in the ground, and cjpi respectively, was relatively low by comparison 
to other system components. 
When reviewing the original configuration of section No 1 for the cooling mode 
(Figure 6.3), the rate of heat transfer from the tank. <7,. is e.xceeded by the heat rate from the 
i^uiiucii.^or. OTily oncc and at a ilov.' rate cf 2.1 gpm. ;ncreas:ng so:! thcrn"!:'.! ny 
10 0.35 fl-/day and then 0.70 ft-/day, results in heat rate increases of i 18 and 243 ' r .  
respectively. As can be seen from the data, other heat rates remain essentially the same. 
Table 6.3 The effect of changes to system parameters on heat rates; cooling mode 
Heat Rate Volumetric Flow Rate( gpm> Parameters 
(MBtuh) 2.4 4.9 6.0 Evaluated 
P 4.72 4.78 4.80 No 1 
Qo 24.80 24.75 24.74 
q; 20.08 19.97 19.39 R[^^. = 0.05 
19.26 38.24 57.25 
Qhx -23.61 -23.97 -23.97 a = 0.35 
qpi 0.43 0.2! 0.15 
qp2 -1.51 -0.74 -0.62 
qww 6.53 6.63 6.63 
p 4.72 4.79 4.80 No 2 
qo 24.80 24.75 24.74 
Qi 20.08 19.96 19.93 R,,,, = 0.05 
qt 41.85 83.41 125.02 
qhx -23.58 -23.94 -23.93 a = 0.50 
qpi 0.42 0.20 0.14 
- ^ M Hp2 
qww 6.77 6.86 6.86 
p 4.73 4.79 4.81 No 3 
qo 24.80 24.75 24.73 
qi 20.07 19.96 19.93 R , , , .  = 0.05 
qt 65.85 131.43 197.05 
qhx -23.56 -23.90 -23.90 a = (A 7(9 
0_1 
-f/A r \  1  U.-+U 0.18 0.13 
qp2 -1.52 -0.76 -0.64 
qv.v, 7.02 7.11 7.1 1 
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6.7 Improvements to the Original Modei 
The importance of soii thermal diffusivity on the rate of heat transfer from the well 
water storage tank was established from the sensitivity analysis of section 6.6. .Additional 
parameters considered to impact upon heat transfer were, the water level in the storage tank, 
and the tlow rate of well water through the tank. In the original model, these two parameters 
were held constant. In an effon to determ.ine possible improvements to the original model, 
two cyclic patterns of water use were evaluated along with three values of soil thermal 
diffusivity. One additional parameter, the thermal resistance of the tubing in the ground. R.,. 
was discovered to provide final adjustments to the model and bring it even closer to the 
experimental output. Table 6.4 provides a matrix of the various combinations evaluated. 
The two cycles of water u.se are referred as Model ! and Model 2. Both are modifications of 
the original model. The initial condition of the tank was full as defined in Section 6.2. for 
each model. For Model I, during the first 8 hours of operation, the tank was drained at 11.7 
gpm-three times the average of 3.9 gpm—with no replacement well water. During the 
foIiow'Tna in iht* Uiflk was rcsiorcLi U) lUii cuOaCiiV at a w'cli WaLCr M O W '  ratC Gi 
gpm- 1.5 times the average 3.9 gpm. For Model 2 operation, the tank remained /«// until 
6:00 a.m. For the next 14 hours, until 8:00 p.m.. the tank discharged at a rate of 6.69 gpm 
with no recharge. Then, from 8:00 p.m. to 12:00 a.m.. the tank was fully recharged. .Model 1 
and Mode! 2 water use cycles are depicted graphically in Appendix E. Figures E.3 and E.4. 
respectively, lue Tvlodel 1 pattern was Gcvciopeci as a simpie ciiscnarge/ciiarge cncic lo 
determine what kind of effect, if any. it had on heat oump system. Once it was established 
thai cyclic water use had a considerable effect on the system, .Model 2 w as developed. Its 
pattern more accurately depicts the water use at the SNMRC where the tank is discharged 
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throughout most of the daytime and charging occurs relatively quickly i within a few hours) in 
the eNenmg. 
A matrix of the parameters adjusted with each of the two water use c\cles is displayed 
in Table 6.4. 
Table 6.4 Matrix of parameters evaluated for system model improvement 
Model 1 
«r 
.Model 2 
a t  
R. 0.20 0.35 0.50 0.20 0.35 0.50 
0.2 X X X X X X 
0.5 X X X X X X 
The graphical output from these parameters was compared to the tank and heat 
exchanger inlet temperature data - experimental verus model of Figure 6.3, based on the 
orieinai model. Figures 6.19 and 6.20 demonstrate the influence Mode! 1 and when the 
•- — ,s 
thermal diffusivity is held constant at 0.20 ft-/day (first column data in Table 6.4) The 
pairing oi graph.s continues in tins manner resuiting in six paircG grapns. one pair lor cacii 
column 111 lIic matrix ot Table 6.4. 
Upon close inspeciion of the graphs, it is clear that in each paired case, lihe higher 
thermal resistance of the piping in the ground brings the m.odei data closer to the 
experimental. Within Model 1 data, a thermal diffusivity of 0.2 ft-Zday and a piping theima! 
resistance of 0.5 hr-ft--F/Btu provide the best fit to the experimental data as seen in Figure 
6.20. .Among Model 2 data, the same thermal diffusivity and thermal resistance as in Figure 
6.20. provided the best fit to experimental (see Figure 6.26). .A comparison beivvecn Figures 
6.20 and 6.26 shows inai Model 2 is a better model than Model 1 in nredictine cxncrimer.ta! 
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data temperature profiles. 
Figures 6.31 through 6.33 add further suDDort that cyclic water use is responsible lor 
the variation in temperatures and energy rates within the --\stem. .A closer match to the 
expenm.ental data is also evident when comparing Figures 6.3 1. 5.32 and 6.33 to Figures 6.5. 
6.7 and 6.9. respectively. 
This analysis reflects the imponance of creating a model which closely characterizes 
ihe daily water use patterns and utilizes appropriate therm.al properties to define the model. 
Soil thermal diffusivity and cyclic water patterns are most influential in developing an 
accurate model. 
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Figure 6.23 Tank and heat exchanger inlet temperature data; 
experimental vs. model for cyclic well water use 
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Heating Mode 
T lank (model) 
Model 2 
a. = 0.20 
T iu. in Iexp) 
i 
r\ B 
T tank(exp) 
yz zc 
a 
c: — — 1 — »/-. iy~, sc r-- c: t 
: c j c ^ c 3 c x : : c ^ c c c 0 c : ^ > c ^ c j c c c c ^  i  
Julian Dav of Year 
exoerimental vs. model for cvclic well water use 
67 
Model 2 Heating Mode 
T tank (expj 
T tank (model 
T hx. in (expI 
r  hx. in I  mode!) 
Julian Dav of Year 
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Figure 6.29 Tank and heat exchanger inlet temperature data; 
experimental vs. model for cyclic well water use 
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7 IMPLICATIONS FOR A SWINE FACILITY 
7.1 Thermal Environmental Requirements 
Swine require differing levels of thermal comfort for various stages of growth and 
pr o d u c t i o n .  T h e s e  s t a g e s  a r e  o f t e n  b r o k e n  d o w n  i n t o  s u c h  c a t e g o r i e s  a s  I )  f a r r o w i n g .  2 )  
nursery. 3) growing and finishing, and 4) breeding and gestation. Two primary variables 
used to control the animal thermal environment are temperature and ventilation rate. Table 
7.1. developed from material found in the Midwest Plan Service Structures and Environment 
Handbook (1987). shows a break down of these categories and provides design data for 
ventilation rate, winter room temperature, and suppiementai heating requirements based on 
maturity. Weight and age categories are also provided. 
Table 7.1 Design data for svvine 
.Animal 
Category Age 
Weight 
(lb) 
Ventilation, cfm/hd 
Weather 
Cold Mild Hot 
Winter Supplemental Heat 
Room Btu/hr/hd 
Temp(F) Slotted Scraped 
O J OUVY dicu 
Litter to 3 wks to 12 20 SO 500 
VM 
70 
60 
. ^  1 1 
_L1 j| ri 1 1 r 
3000 —-
3500 
Prenursery 
pig 3-4 wks 12-30 - iO 25 S5 
j 
350 ; — 
Nursery 
pig 5-8 wks 30-75 3 15 35 75 
65 
1 
350 
450 
j 1 vjrov>'irig j 
1 nio 1 1 75-150 7 —-r 75 60 
1 
600 ! —- 1 
1 FilliSiiiiig 
! pig 
1 
220 10 35 120 60 
1 1 
600 i —-
! Gestating [ 
1 sow i 325 12 40 1 1 60 1 \ 1 KJKJKj ] 
! 15 1 400 14 50 300 60 1000 1 —-
For the sow and litter, two different temperature schemes are typically necessary. The sow is 
most comfortable at 60-65 F. while a newborn pig requires a dry. draft-free environment at a 
temperature from 90-95 F. .And nursery conditions range from 85 F for a 3-week-old pig 
down to approximately 70 F for an 8-week-old pig (.Midwest Plan Service. 1987). One 
approach to accommodate these separate conditions is to maintain the room air between 65 
and 75 F and provide supplemental heat to the creep area. .A.s shown in Table 7.1. 
supplem.ental heat is a design requirement for every category of swine where slotted floors 
are involved. It is also required for a sow and litter, and for the nursery pig where bedded or 
scraped floors are the floor condition. .Many variables need to be controlled in managing the 
animal environment, this research focused on the potential for a cistern-based heat pump 
system to provide supplemental and space heating requirements for the Swine Nutrition and 
.Management Research Center. In particular, the feasibility of using the heat pump system for 
farrowing and nursery environments were considered. 
7.2 Thermal Environmental Evaluation 
Ari analvsis of the ueatin^ rcouircmcnts for the farrowins and nurscrv units at the 
SNMRC was conducted. The space heating requirements were evaluated first followed by 
supplemental heating needs. In terms of determining the additional heating needed for space 
conditioning, a modified version of a formula from Albright (1990) was utilized: 
^Is "i" + ^hl + ^vi = % + 
Vv'hcrc 
= Sensible heat gain from, animals. Btu/h 
cif, = .Additional sensible heat required to maintain indoor design tem.perature. Btu/h 
qf^l = Sensible heat gain from heat lamps. Btu/h 
t/v, - Sensible heat from, inlet ventilation air, Btu/h 
Uj, - Sensible heat loss through building envelope. Btu/h 
c'iy„ = Sensible heat contained in the ventilation air exiting the building. Btu/h 
This formula assumes negligible sensible heat gain from mechanical sources, from the sun. 
and from evaporation. .A.lso. the loss of sensible heat through the floor, essentally a perimeter 
effect, is considered relatively insignificant. Of interest in this equation is the additional 
space heating, c/f,. needed to maintain the thermal environment. 
!n addition to the sensible energy balance, a mass balance was used to account for 
moisture. It is written as 
'",0 + '"vi = 
where 
nip = Rate of moisture produced within the building, Ibm/Ti 
ni^.j = Rate at which moisture enters the building by ventilation air, Ibp^/h 
= Rate at which moisture exits the building by ventilation air, Ibj^/h 
The farrowing and nursery units are configured as shown in Figure 7.1 (Huss et a!. 
]M I he iHrrovvint' aFici riiifscrv nuiiuMii^ is ft uv 107 ft. Thcrc urc lOur larrCvViriS rooms 
cach with nine crates m.ounted on rai.sed woven wire floors. The nursery consists of four 
rooms each with 24. 4 ft by 4 ft pens with woven wire flooring. The analysis assumed a 
maximum capacity of eight pigs per pen for a total of 768 pigs (35 lb average) in the nur.sery 
while the farrowing unit was assumed to have 36 sows (400 lb average) with litters. Heal 
iiilTipS I IILCLI  UI  —-DW vvCiC LISCG lOT C^Cn SOVv' cirid IlLiCr. 
The indoor design conditions were a temperature of 70 F and a reiative humidity of 
lO'^c. while for outdoor design these two conditions were -10 F and SCrc, respectively. The 
thermal resistance for the walls was evaluated at 22 hr-ft--F/Btu . The ceiling was considered 
10 have a total thermal resistance of 40 hr-ft--F/Btu. 
11 B 
I 1 I 
•2 P£KS AT i '-e9/16' 
37-6' 
A minimum cold weatiier ventilation rate of 3024 ct'm was determined usmg 20 cfm 
per head for sow and litter and 3 cfm per head for nursery pigs as recommended by Midwest 
Plan Service (1987). The mass balance yielded a ventilation rate of 3170 cfm to control 
m.oisture. Since this rate e.xceeded the cold weather minimum rate of 3024. it was u.sed in the 
heat balance calculations. The thirty six heat lamps provided an additional 30.700 Btuh of 
heating to the building. 
The final space heating requirement based upon the conditions listed was determ.ined 
to be 106.700 Btuh. This rate is nearly 70% greater than the capacity available from the 5 
ton unit configured as shown in Table 6.1. In an attempt to meet the needs of this space 
heating requirement, a 10 ton unit was incorporated into the system model. The well water 
storage tank size was increased to approximately 50.000 gallons-diameter of 15 feet and 
cylindrical length of 30 feet. Keat exchanger length and well water flow rate were then 
systematically increased and the heat pump capacity recorded after a period of continuous run 
of 10 days. The results are displayed in Table 7.2. 
Tabic 7.2 10 ton heat heating capacity (MBtuh) as a fu.nction of 
heat exchanger length and weii water flow rate 
WeU Water F!ow Rate (gpm ) 
HX Le^gt^l (ft) 4 8 12 
1000 — 82.3 
-^AAA fi.i 7 87.7 
3000 81.9 86.5 89.7 
4000 82.7 87.4 90.7 
TAAA 83.2 87.9 0 1 
*Other parameters: D = 15 ft. L = 30 ft. Vo = 44.0 gpm 
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Ill-configured systems which resulted in freezing conditions at evaporator outlet were left 
blank. The greatest heat capacity provided by the 10 ton unit occurred with 5000 feet of heat 
exchanger coil and a 12 gpm well water flow rate. With this configuration, the 10 ton unit 
provided 91,200 Btuh of heating capacity. This was less than 15 9c below the space heating 
requirements estimated for the farrowing and nursery units combined. However, a well water 
How rate of 12 gpm in the 50.000 gallon storage tank resulted in a turnover rate for the 
\ olume of water in the tank of less than 2.9 days. The well water usage rate at the SNMRC 
was recorded at approximately 4 gpm for the 20.000 gallon cistern resulting in a turnover rate 
of nearly 3.5 days. In light of this comparison, a 10 ton heat pump system operating at 12 
gpm is considered to use an unreasonable amount of water and at least three times more than 
required at the SNMRC. Larger commercial swine facilities might require such water use. 
but they would most certainly have increased space heating needs as well and hence, require a 
heat pump size greater than 10 tons. 
The supplemental heating requirements were considered separately from the space 
ntf:![ing reuUHciIlCIllS. ^Lil jOicii icntai ncatiiiii :S uiwvidcd bv hcat pads lOCUtCd "iPi 
the pens. Supplemental heat requirements for farrowing and nursery units at the Swine 
Nutrition and Management Research Center are outlined in Table 7.3. 
Table 7.3 SNMRC Supp'ementa' Heating Requirements (Btuh) 
1 .\nimal Number in Supplementai Total Energy j 
Ron^irpri 1 
1 
1 Sow and Litter 36 3000 108.000 i 
i Xurscrv Pis 768 350 268.800 i 
.•\ minimum heating capacity of 108.000 Btuh, is difficult to achieve with a reasonably sized 
cistem-based heat pump system for reasons discussed previously. .-Xfter considering several 
/ / 
system configurations, it appears evident that a cistern-based heat pump system can supply 
only a portion of the heating needs of a commercial swine facility. 
An alternative evaluation considered the use of the heat pump system to provide 
energy for conditions other than design conditions. The 5 ton unit operating at a well water 
tlow rate of 6 gpm. was used for the purpose of this evaluation. Its configuration, shown in 
Table 6.1. indicates a minimum output of 63,200 Btuh heating which occurred after ten days 
of continuous operation. With cyclic operation, its capacity can range as high as 70,000 
Btuh. The building heat rates were evaluated starting at the design temperature of-10 F. 
The calculations continued up to 55 F by 5 degree increments. The results are shown in 
Figure 7.2 and indicate that the 5 ton heat pump can provide for the space heating needs of 
the farrowing and nursery building from 5 F to 30 F at which temperature heating is no longer 
required. Between the outdoor design temperature of -!0F and 5F, additional heating would 
be necessary. 
An additional consideration to be made is that the heat pump offers the advantage of 
being used for cooling as well as heating. Its use for cooling may prove helpful in 
^ ^ ^ ^ c c ^ r m ] S I 1  i t ^ v o s  o i  u n c i  i j i o c i u c t i o n  V v i i i c h  c a n  Suffer durins period of 
heat stre.ss. .And perhaps more importantly, it may decrease or prevent the pig mortality rate 
which occurs during hot weather. 
The review of literature found that air-conditioning was a marginal advantage, if at 
all. especially in light of the additional cost. Since the heat pump system as evaluated, has 
denionstrateu tuC potential to pro'^'idc tor some or tns neaiing neecs o; a iwiiic iiiLility, the 
additional costs for cooling are only those for electricitv. And electrical costs arc tempered 
by the heat pump's coefficient of performance, which range from. 2.7 to 4.0 for the systems 
evaluated. 
Building Heat Kates 
c{li -  c(h + i|v i|s - (|l 
300 
03 
c? Cti 
C3 
<V 
:()() 
I ciuperiitiii e, 1, i 
00 
I' ij^iire 7.2 SNIVIIJC farrowiii}^ and nursery unit heat rates 
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8 CONCLUSIONS 
8.1 Summary 
The results of this research indicated that a cistern-based heat pump system as 
configured is energy efficient and feasible within certain limitations. E.xperimental data for 
both cooling and heating were collected. The COPs for heating and cooling were determined 
to be !.39 and 1.06, respectively The experimental heat exchanger effectiveness was 
calculated to be 0.71 for heating and 0.99 for cooling. Similarly, the numerical mode! 
predicted 0.72 and 1.00 for heating and cooling, respectively. Even though the capacity of 
the existing heat pump was less than desired, the data collected through experimentation 
provided substantial enough information to verify the system's mathematical model. The 
model, in turn, was used to evaluate three additional heat pum.p capacities. 1.5-ton, 5-ton and 
10-ton. The existing cistern-heat exchanger configuration as well as .system configurations 
involving the manipulation of the heat exchanger size, tank size and well water flow rate 
were evaluated. 
I ntf (>t uDciivMs !i!uicatcu li'icii wl'iile a 1.j-ton heat pump is vvcll suited tor 
the current 20,000 gallon cistern, a 5-ton heat pump required a larger tank and heat 
exchanger, and a higher well water flow rate in order for it to be viable for heating. The 10-
ton heat pump, evaluated for the purpose of providing space heating or supplemental heating 
requirements of the SNMRC farrowing and nursery unit, was show'n to provide as much as 
75Vc of tuC heating needs but required a 50.000 gaiion cistern and a weii walc; How .rate 
approximately five times higher than the current fiow rate to perform at that level. 
.A.t best, the cistem-based heat pump system appears to be capable of providing some 
of the supplemental heating needs of the SNMRC. Not taken into consideration, however. In 
the heat pump system's additional capability to provide cooling. It is expected that because 
me heat pump system for heating alone is feasible, that utilizing the system for cooling 
purposes during periods of potential animal heat stress outweighs the added cost of electricity 
to operate the unit. 
8.2 Future Considerations to Assist Numerical Model Improvement 
Time and rate of well water use. soil thermal diffusivity. and thermal resistance of the 
piping in the ground have been identified as important parameters to consider in the 
development of a numerical model for a cistern-based heat pump system. It is recommended 
that future research in this area include the monitoring of the time and rate of well water use. 
Data regarding the level of water in the tank and the temperatures of the well water at inlet to 
and outlet from the tank should also be collected. And, because the thermal diffusivity of the 
soil was demonstrated to have a strong effect on heat transfer from the tank, an effort should 
be made to measure this property. Temperature probes in the ground at various depth around 
the tank would provide support for heat transfer calculations. Finally, cyclic operation of the 
heat pump should be considered for the purpose of determining the thermal resilience of the 
v>w 11 vvtiLv^i Lciiirv tw vyu/CriiLiOn gtwct LhiLxn contirmoi^o. 
8.3 Future Considerations for a Commercial Swine Facility 
The heat Dumo system discussed in the current research has been shown to be a viable 
source of supplemental heating for a commercial swine facility such as the SNMRC. It has. 
however, essentially evaluated only the heating capabilities of the system. The potential for 
use during periods of hot v.-eather may be as imporLar.t as (perhaps more important than) its 
'JSC I" cold \vc3.ihcr. Bcc2.iisc of the er.crsv efficicncv of the sround-couplcd hcut pump, it 
appears most reasonable that additional research focus on the utilization of cooling available 
from the cistern-based heat Dump svstem. Consideration should be made for its use in 
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breeding and gestation units as well as farrowing and nursing. The influence on mortality 
rate would seem to be an imoortant issue followed by the etfect on growth and production 
rates. 
82 
REFERENCES 
American Air Filter. 1986. EnerCon II Horizontal and Vertical Water Source Heat Pumps. 
Louisville. KY 
.Akridge. J.M. and J.F.J. Poulos.1983. The Decremented Average Ground-Temperature 
.Method for Predicting the Thermal Performance of Underground WalLs. ASHRAE 
Transactions. Vol.89. Part 2A & B. 
.Albright. L.D. 1990. Environmental Control for Animals and Plants. .AS.AE. St. Joseph. MI. 
Bierbaum. .A. 1986. Life Cycle Costing of Heating Systems. Iowa Association of Electric 
Cooperatives. Des Moines. LA. 
Braud. H.J. 1983. Earth Coupled Heat Pumps for Space Heat/Cool and Hot Water. .AS.AE 
Paper .\ 'o. 83-3082. St. Joseph, MI. 
Bose, J.E.. J.D.Parker and F.C. McQuiston. 1985. Design/Data Manual for Closed-Loop 
Ground-Coupled Heat Pump Systems. ASHRAE, Atlsnta, GA. 
Brumm, M.C. and D.P.Sheiton. 1987. Reduced Nocturnal Temperatures-Influences on 
Weaned Pig Performance. Latest Developments in Livestock Housing. ASAE. St.Joseph, 
MI. 
Directory of Certified .Applied .Air-Conditioning Products. 1989. ARL Arlington. V.A. 
Esmay. M.L. 1978. Principles of .Animal Environment. .AVI Publishing. Inc.. Westport. CT. 
Feiereisen, T.J.. S.A.Klein, J.A.Duffie and W.A.Beckman. 1982. Heat Transfer From 
Immersed Coils. .ASME Paper No. 82-WA/SOL-I8. ASME 1982 Winter .Annual 
.Meeting. Phoenix. AZ. 
Henrv. Z.A.., G.C.Zoerb and G.S.Birth. !99!. Instrum.entation anhd Measurement for 
• t <— • <-T-» • I T— J • . • A f-> A T— . T 1 il,iz\'irgvl7tlctzlcll l^c'ic»zccs i nir(.l jusc"' vii 
J~aUss I~x D S Sunci\' und D ZirTirTisrrnnr. 1990 S^vinc 
Research Center; Iowa State University. ASAE Paper No. 904517. St. Joseph. MI. 
Incropera. F.P. and D.P.DeVVitt. 1985. Eundarnenlals of Heat and Mass Transfer. Jonn vviiey 
& Sons. New York. 
Kapaun. S. 1994. Private Communication. .Ames. LA 
Ka\anaugh. S. 1992. Ground-Coupled Heat Pumps for Commerciai Buildings. .ASHRAE 
Journal. Sept. 1992. pp 30-37. 
Klimkowski. H., H.J.Braud and F.E.Baker. 1985. Performance of a Horizontal Earth Heat 
E.xchanger with a Water-Source Heat Pump. .ASAE Paper No. 85-4054. St.Joseph. MI. 
Kusuda. T. and P.R.Achenbach. 1965. Earth Temperature and Thermal Diffusivity at 
Selected Stations in the United States. ASHRAE Transactions. Vol. 71. Part 1. pp 61-
75. 
.Mei. V.C. 1988. Heat Pump Ground Coil .Analysis with Thermal Interference. Journai of 
Solar Energy Engineering, Vol. 110/67. pp 67-73. 
Midwest Plan Service. 1987 Structures and Environment Handbook, Eleventh Edition. Iowa 
Stkitw LJni\srsitv 
Moran, M.J. and H.N.Shapiro. 1992 Fundamentals of Engineering Thermodynamics. Second 
Edition. John Wiley & Sons. Inc. New York. 
.Moran, .M.J. and H.N.Shapiro. 1986 Fundamentals of Engineering Thermodynamics. 
.Manuscript, Columbus, OH. 
Nienaber. J.A.. G.L.Hahn, H.G.Klemcke, B.A.Becker. F.Blecha. 1987. Cyclic-Temperature 
Effects on Growing-Finishing Swine. Latest Developments in Livestock Housing. ASAE. 
St.Joseph, .MI. 
Tassou, S..A., C.J.Marquand and P.R.Wilson. 1986. Energy and Economic Comparisons ol 
Domestic Heat Pumps and Conventional Heating Systems in the British Climiate. 
.Applied Enersy, Vol. 24. pp. 127-138. 
Trelease, S.W. 1989. Commercial and Industrial Earth Coupled Heat Pump Systems. Energy 
Engineering. Voi. 86. No.4. 
VanWiik. W.R. and D.A.DeVries. 1963.P/2V5/c5 of Plant Environment. North Kolland 
Publishing. Amsterdam. 
84 
ACKNOWLEDGMENTS 
I wish to Lhunk till those who liave shown their support tor rny pursuit ot this degree. 
My wife. Marcia. and son. Ric.k. have been behind me 100%. Now its their turn. Thani^s 
also to Dr. Dwaine S. Bundy for being my major professor and ultimately having faith that I 
would accomplish my degree sooner than later. Finally, thanks to Dr. Steven J. Hoff who 
pushed me to evali;ate m.y research to accomplish a polished dis.sertation. 
85 
APPENDIX A. 
CALIBRATION PROCEDURES 
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Rho Sigma Flow Meters 
The Rho Sigma pulsing now meters were calibrated by measuring the \ olume of 
water which flowed through them. The volume of water was measured 15 gallons at time in 
a tub calibrated to 15 gallons. Measurement proceeded until 105 gallons of water had passed 
through the flow meters. The manufacturer recommended a minimum of 100 gallons. 
During the process, pulse information recorded by the Campbell Scientific and was checked 
against analog output from the tlow meter accuracy. It was the same. .A.iso, the analog 
output from the flow meters was evaluated against the measured volume of water. For the 
room side flow meter, the measurements were 12F/c high while for the tank side flow meter, 
the measurements were 1.9% high. Because both were high, a multiplier based on the 
average percent greater than actual was used. A value of 0.985 was assigned the multiplier. 
No offset was used. 
Thermocouples 
The T-type thermocouples were calibrated by recording the temperature of the fluid in 
v.'.hic.h t.hev ^'"ere irnmer'^ed. nuid enviVonmpnr^ were u^ied. The firNi fluiu was jirvvuh 
the ambient temperature measured with a calibrated m.ercury thermometer at approximately 
26.0 C. An ice bath was used as the second fluid. It was measured at temperature of 
appro.ximately 0.1 C. The resulting temperature measurements were less than one percent off 
and fluctuated on each side of the calibration temperatures Due to this small amount of 
variability and because the sixteen thermocouples were read tfirough one channel of the 
CR!0 from a multiplexer, a m.ultiplier of 1.0 and no offset were programmed for the 
thermocouples. 
S7 
Watt Transducer 
The Ohio Semitronics watt transducer, with an output of 0 to iO Vdc for a fuil scale 
input of 20 kW. was factory calibrated and checked lOC/c for voltage and current linearity, 
power factor, and initial set point. Temperature effects (-10 C to 60 C) on full scale output 
was listed as ± 0.1%. 
Voltage Divider 
•A voltage divider utilizing four 1.5 K resistors was constructed according to the 
diagram, shown below (Figure A. 1). As stated in the text, the purpose of the voltage divider 
was to reduce the full scale voltage output of 10 Vdc from the watt transducer to correspond 
to a maximum input voltage of 2.5 Vdc acceptable for data acquisition by the Campbell 
Scientific CRIO. The measured resistance for each resistor is included on the diagram. 
i 
I 
i ^ 1497 V. X 
T fh-
K. k 
V 
Figure .A.l Voltage divider schematic 
Equations: 
V = i R and V, = 
^y = 
therefore 
V, = V,. 
Rx Ry 
or 
V, = RyV, 
•Rx 
substituting for \\ 
Vx = 10-V,, 
V\, can be written as 
Vv = RydO-Vy) 
Rx 
Values for R^ and R^, are substituted in and yield the maximum voltage seen by the CRIO 
from a 10 Vdc source. 
Nomenclature: 
V = Voltage, volts ( associated with x and y branches) 
' — ^ OT>-» r\c I  
R = Resistance, ohms ( associated with X and y branches) 
The circuit was calibrated using a ac voltage source. Voltage output across the V\. 
hrnnrh wns recorded for voltage input ranging from 0.00 to 10.00 Vdc in one volt increments. 
The correlation coetficient, r. was 1.00. 
Due to the factory calibration of the watt transducer and the high correlation for the 
vollage divider circuit, no multiplier or offset were required for this channel in the CRIO 
program. 
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i R^ ==> i - V\/R^ 
i Ry ==> i - V^,/Ry 
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\ DDtTNirMY R rVA Jt JL-» 1  ^  A*-» 
DATA ACQUISITION PROGRAM 
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Program:RICK7 
Flag Usage: 
Input Channel Usage: 
Excitation Channel Usage: 
Control Port Usage: 
Pulse Input Channel Usage: 
Output Array Definitions: 
* 1 Tafile 1 Programs 
01: 5 Sec. Execution Interval 
01: P2 Volt (DIFF) 
01: 1 Rep 
02: 25 2500 mV 60 Hz rejection Range 
03: 6 IN Chan 
04: 40 Loc : 
05: 1.0 Mult 
06: 0 Offset 
02: P92 If time is 
01: 0 minutes into a 
02: 10 minute interval 
03: 10 Set high Flag 0 (output) 
03: P77 Real Time 
01: 110 Day,Hour-Minute 
04: P71 Average 
01: 1 Rep 
02: 40 Loc 
05: P86 Do , 
CI I 2C Scu XOW C COUtuUuj 
06: P End Table 1 
* 2 Table 2 Programs 
01: 60 Sec. Execution Interval 
01: P3 Pulse 
01: 2 Reps 
02: 1 Pulse Input Chan 
r\ o ,   ^ n _ 
 ^ m  ^ owx^-v-ii v-.xv-'&U.i. C 
04: 18 Loc : 
05: 0.985 Mult 
06: C.OOOO Offset 
02: Pll Temp 107 Probe 
01: 1 Rep* 
02: 1 in' Chan 
03: 3 Excire all reps u/EXchan 3 
04: 1 Loc : 
n. i v "i 
06: 0.0000 Offset 
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Page 2 Table 2 
: P14 Thermocouple Temp (DIFF) 
01: 1 Rep 
02: 21 2.5 mV 60 Hz rejection Range 
no. A 
^  ^  •  *T IN Chan 
04: 1 Type T (Copper-Constantan) 
05: 1 Ref Temp Loc 
06: 42 Loc : 
07: 1 Mult 
08: 0.0000 Offset 
04: P86 Do 
01: 44 Set high Port 4 
05: P87 Beginning of Loop 
01: 00 Delay 
02: 16 Loop Count 
06: P86 Do 
01: 73 Pulse Port 3 
07: P14 Thermocouple Temp (DIFF) 
01: 1 Rep 
02: 21 2.5 mV 60 Hz rejection Range 
03: 3 IN Chan 
04: 1 Type T (Copper-Constantan) 
05: 1 Ref Temp Loc 
06: 2— Loc : 
07: 1 Mult 
08: 0.0000 Offset 
08: P95 End , 
09: P86 Do 
01: 54 Set low Port 4 
01: 13 
02: 12 
03: 20 
Z=X-Y 
X Loc 
Y Loc 
Z Loc : 
11: P35 
01: 15 
02: 14 
03: 21 
2=X-Y 
X Loc 
Y Loc 
Z Loc 
01: 17 
02: 16 
03: 22 
Z=X-Y 
X Loc 
Y Loc 
Z Loc : 
01: 12 
02: 13 
03: 26 
Z=X-i-Y 
X Loc 
Y Loc 
Z Loc : 
Page 3 Table 2 
14: P33 
01: 14 
02: 15 
03 : 27 
Z=X+Y 
X LOG 
Y LOG 
Z LOG : 
15: P33 
01: 15 
02: 17 
03: 28 
Z=X+Y 
X LOG 
Y LOG 
Z LOG 
15: P37 
01: 25 
02: 0.5 
03 : 29 
Z=X*F 
X LOG 
F 
Z LOG 
17: P37 
01: 27 
02: 0.5 
03 : 30 
Z=X*F 
X LOG 
F 
Z LOG 
18: P37 
01: 28 
02: 0.5 
03: 31 
Z=X*F 
X LOG 
F 
Z LOG 
; P55 Polynomial 
01 3 Reps 
02 29 X LOG 
03 32 F(X) LOG : 
04 4.22 CO 
05 -.00256 s 
06 • \J\J\J\J ^  
07 0.0000 C3 
08 0.0000 C4 
G9 0 . 0 0 0 0 C5 
20: P55 
3 
29 
35 
999.9 
0.0000 
0.0000 
0.0000 
Polynonial 
Reos 
X LOG 
F(X) LOG : 
CO 
-.02908 CI 
vj -t X o v.,.:. 
C3 
C4 
21: P30 Z=F 
01: 6.3401 F 
02: 4 Exponent o 
03: 41 Z LOG : 
22: P3S Z=X/Y 
01: 18 X LOG 
OP; ^1 Y 
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Page 4 Table 2 
01: 19 
02: 41 
03: 39 
2=X ' Y 
X Loc 
Y Loc 
Z Loc : 
24: P36 
01: 20 
02: 32 
03: 20 
25: P36 
01: 21 
02: 33 
03: 21 
26: P36 
01: 22 
02: 34 
03: 22 
Z=X*Y 
X Loc 
Y Loc 
Z Loc : 
Z=X*Y 
X Loc 
Y Loc 
Z Loc : 
Z=X*Y 
X Loc 
Y Loc 
Z Loc : 
27: P36 
01: 20 
02: 35 
03 : 20 
28: P36 
01: 21 
02: 36 
03: 21 
Z=X*Y 
X Loc 
Y Loc 
Z Loc : 
Z=X*Y 
X Loc 
Y Loc 
Z Loc : 
?: P36 
02: 37 
03: 22 
Z=X*Y 
X Lcc 
Y Loc 
Z Loc 
30: P36 
01: 2C 
02: 39 
03: 20 
Z=X*Y 
X Loc 
Y Loc 
Z Loc : 
31: P36 
01: 21 
02: 33 
03: 21 
Z=X*Y 
X Loc 
Y Loc 
Z Loc : 
32: P36 Z=X*Y 
01: 22 X Loc 
02: 3 8 Y Loc 
o • ^ Z xjOC : 
r> 'y - ?22 T ^ ^ S 
01: 0 minutes into a 
02: 10 
03: 10 Set high Flag 0 
34 : '911 Real Time 
01: 110 Day,Kour-Minute 
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Page 5 Table 2 
35: P71 Average 
01: 21 Reps 
02: 2 Loc 
36: P71 Average 
01: 1 Rep 
02: 42 Loc 
37: P86 Do 
01: 20 Set low Flag 0 (output) 
3S: P End Table 2 
* 3 Table 3 Subroutines 
01: P End Table 3 
* A Mode 10 Memory Allocation 
01: 42 Input Locations 
02: 64 Intermediate Locations 
03: 0.0000 Final Storage Area 2 
01: 0 
02: 0 
03: 0000 
Mode 12 Security 
LOCK 1 
LOCK 2 
LOCK 3 
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Page 6 Input Location Assignments—(with comments): 
Key: 
T=Table Number 
E=Entry Number 
L=Location Number 
T: E L 
2: 2 1 Loc : 
2: 7 2 Loc : 
2: 1 13 Loc : 
2: 10 20 Z Loc 
2: 2 4 20 Z Loc 
2: 27 20 Z Loc 
2: 30 20 Z Loc 
2: 11 21 Z Loc 
2: 25 21 Z Loc 
2: 28 21 Z Loc 
2: 31 21 Z Loc 
2: 12 22 Z Loc 
2: 26 22 Z Loc 
2: 29 22 Z Loc 
2: 32 22 Z Loc 
2; 13 26 Z Loc 
2: 14 27 Z Loc 
2: 15 28 Z Loc 
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APPENDIX C 
SYSTEM MODEL PROGRAM 
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•  *•*******••***•***••****•**•***************•* *  *  •**•****•*****•***••**•*•******* 
*hii.for 7-2-94 
* HEAT PUMP SYSTEM MODEL 
•k 
* APRIL, 1994 
* 
* TTTur TtT'B'PV 
* 
* 
* THIS PROGRAM IS DESIGNED TO SIMULATE A GROUND-COUPLED HEAT 
* PUMP SYSTEM WHICH UTILIZES AN IN-GROUND WELL-WATER STORAGE 
* (CYLIDRICALLY SHAPED WITH HEMISPHERICAL END CAPS) AS A PRIMARY 
* SINK/SOURCE OF ENERGY. 
X 
* THE MODEL ACCOUNTS FOR HEAT PUMP CAPACITY AND STORAGE TANK 
* SIZE AS WELL AS TUBING LENGTH FOR TUBING IN THE GROUND— 
* CONNECTING THE HEAT PUMP TO THE TANK—AND TUBING USED AS THE 
* HEAT EXCHANGER IN THE TANK. 
* 
* AN OVERALL ENERGY BALANCE IS USED TO PREDICT ENERGY SUPPLIED 
* BY THE HEAT PUMP FROM THE SYSTEM, AND POWER USED. 
* 
• 
* INPUT VARIABLES 
* 
* D = TANK DIAMETER (FT) 
* L = T.ENGTH OF CYLINDRICAL SECTION OF TANK (FT) 
* DTo = OUTSIDE DIAMETER OF TU*BING (in) 
* LTG = LENGTH OF TUBING IN GROUND (FT) 
* LTW = LENGTH OF TUBING IN WATER (FT) 
* RT = TOTAL RADIAL RESISTANCE OF TL^BING IN WATER (HR-FT'2-F/BTU) 
* RTG = TOTAL RESISTANCE FOR PIPE IN GROUND (HR-FT^2/BTU) 
* Vr» =: OTFrnoni? Qmir NIR UTTIT "OTTM'"D TTOT TTXNRRN-DTR» T?T ntj "DATitr /RRDIUFN 
- - ^ '• V / 
* VI = INDOOR SIDE OF HEAT PUMP VOLLTiETRIC FLOW RATE (GPM) 
* Vt = VOLLT-IETRIC FLOW RATE OF WELL WATER THROUGH TANK (GPM) 
* TH = MEAN A-NNUALi GROUND TEMPERATURE CF^ 
* STA = ANNUA-L SURFA.CE TEMPERATURE AJ^PLITUDE (F) 
* DAYO = PHASE CONSTANT, DAY OF MINIMUM SURFACE TEMP. (JAN 1 = 1) 
* DAY = DAY OF THE YEAR TO EVALUATE GROUND TEMP. (JAN 1 = 1) 
* UIW = OVERALL HEAT TRANS COEF FOR CYLINDER IN AIR (BTU/H-FT"2-F) 
« UlR = OVERALL HT COEF FOR RIB OF CYLINDER IN AIR (BTU/H-FT'2-F) 
* UlEC = OVERALL HT COEF FOR ENDCAP IN AIR (BTU/H-FT^2-F) 
•* UW = OVERALL HT COEF FOR CYLINDER IN WA.TER (BTU/H-FT^2-F) 
* UP. = OVERALL- "T COEF FOR R"''B OF CYL IN WATER (BTU/H—FT^2~F) 
* UEC = OVERALL HT COEF FOR ENDCAP IN WATER (BTU/H-FT"2-F) 
* ALl = THERMAL DIFFUSIVITY OF SOIL AROUND TUBING (FT^2/DAY) 
* AL2 = THEPJ^AL DIFFUSIVITY OF SOIL ARCU1;D TANK (FT"2/DAY) 
* T12 = HEAT PLUP ENTERING WATER TEMPERATURE FROM ROOM (F) 
* T14 = INITIAL ESTIMATE OF K20 TEMP ENTERING HP FROM OUTSIDE (F) 
* DLTA = MAXIMUM TEMPERATURE DIF ALLOWED FOR T14N-T14 (F) 
-- TIME = THE NUMBER OF DAYS OVER WHICH TO RUN PROGRAM (DAY) 
PROGRAM HPSYS 
CHARACTER*2 0 SFILE 
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DIMENSION TG(5),UAT(4) 
REAL*8 L,LTG,LTW,Mo,Mi,Mt 
INTEGER TIME 
COMMON/ /T13 , T14 , T15 , T16 , T;JI , TTW, ATW, ATG, RT, RTG, Mo , Mt, VLBM 
************* THE STATEMENT FUNCTION FOR GROUND TEMPERATURE *********** 
TE(H,AL,DAY) = Tm - STA*EXP(-K*SQRT(PI/(365.0*AL)))* 
& COS((2.0*PI)/3 65.0*(DAY-DAYO-(K/2.0)*SQRT(3 65.0/(FI*AL)))) 
*********************************************************************** 
P R I N T * E N T E R  A  " I "  F O R  H E A T I N G  O R  A  " 2 "  F O R  C O O L I N G .  '  
READ*,LOAD 
PRINT*,' ' 
PRIN T * E N T E R  TH E  D A Y  T O  S T A R T  A N D  T H E  N U M B E R  O F  D A Y S  T O  RU N .  '  
READ*,DAY,TIME 
PRINT*, 'ENTER THE NAME OF YOUR INPUT FILE. ' 
READ(5,10) SFILE 
10 FORMAT(A20) 
OPEN(UNIT=10, FILE=SFILE, STATUS='OLD' ) 
READ(10, *)D,L,DTo,LTG,LTW,RT,RTG,SZ,Vi,Vt,Tiii,STA,DAYO,UlW, 
& U1R,U1EC,UW,UR,UEC,AL1,AL2,TWI,T12,T14,DLTA 
PRINT*,'UNIT SIZE IS: ',SZ 
IF(SZ.EQ.1)THEN 
PRINT*,'SELECT SOURCE WATER FLOWRATE 
READ*,Vo 
ELSEIF(SZ.EQ.5)THEN 
T>'r»TT^Tm jm / T?/^m oT.T* T-^T /-ST.TT*> mi-i kj ^  ^ X x Juv/n x\nx U 
READ*,Vo 
ELSEIF(SZ.EQ.10)THEN 
Vo = 44.C ! 
ELSE 
PRINT*,'ENTER THE SOURCE WATER FLOWR 
READ*,Vo 
ENDIF 
C FORMAT OUTPUT STATEMENT TITLES — ECHO CHECK 
/^T^T'VT / TTVTrrrn— ^  T'T t / m/-%TTm t-\ -X m / mrrr' / / \ 
• Oxr\x*-»o*~ I t  x J T f  I  
WRITE (6,20) D, L, DTo , LTG, LTW, RT, RTG, SZ , Vo , vi , Vt, TH!, STA, DAYO, DAY , UIW, 
S: UlR, UlEC, UW, UR, UEC, ALl, AL2 , TWI ,T12,T14, DLTA, TIME 
2 0 FORMAT(IX,'TANK DIAMETER: ',F4.1,' FT',/, 
& IX,'LENGTH OF CYLINDRICAL SECTION: ' ,F4.1,' FT',/, 
& IX,'OUTSIDE DIAMETER OF TUBING: ',F5^3,' in',/, 
& iX,'LENGTH OF TUBING IN GROUND: ',F5.1,' FT',/, 
& IX,'LENGTH OF TUBING IN TANK: ',F6.1, ' FT',/, 
&. IX, 'RESXSTANCE OF TU3XNG ZN WATER* ' ^5 2 ' F—-'STU', /, 
& IX,'RESISTANCE OF TUBING IN GROUND: ',F5.3, 'H-FT"2-F/3TU',/ , 
& IX,'HEAT PLT^P SIZE IS: ',-12,' TON',/, 
& IX,'OUTDOOR SIDE HP FLOWRATE: ',F6.3,' GPM',/, 
& IX,'INDOOR SIDE HP FLOWRATE: ',F4.1,' GPM',/,' 
& IX, 'FLOWRATE OF WELL WA.TER: ',F4.1,' GPM',/, 
& IX, 'MEAN ANNUAL GROUND TEMPERATu'RE: ' , F4 . 1, ' F' , / , 
(2.4, 4.9 or 6.0) GPM ' 
ATE. 
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& IX, 'ANNUAL SURFACE TEMP AMPLITUDE: ',F4.1,' F',/, 
& IX. 'DAY OF MINIMUM SURFACE TEMP: ',T6'. 2,/, 
& IX, 'DAY OF YEAR TO BEGIN EVALUATION: '", F6.2,/, 
& IX, 'OVERALL KT COEF FOR CYL IN AIR: ',F6.4,' BTU/K-FT^2-F',/, 
& IX, 'OVERALL HTC FOR RIB IN AIR: ',F6.4 , ' STU/K-FT"2-F', / , 
& IX, 'OVERALL HTC FOR ENDCAP IN AIR: ',F6.4,' BTU/H-FT"2-F',/, 
& IX,'OVERALL HTC FOR CYL IN WATER: ',F6.4,' BTU/H-FT'^2-F' , / , 
& IX,'OVERALL HTC FOR RIB IN WATER: ',F6.4,' BTU/H-FT'^2-F', /, 
& IX,'OVERALL HTC FOR EC IN WATER: ',F6.4,' BTU/H-FT'^2-F', / , 
& IX, 'THERMAL DIFFUSIVITY AROUND TUBING: ',F4.2,' FT"2/DAY',/, 
& IX,'THERMAL DIFFUSIVITY AROUND TANK: ',F4.2,' FT"2/DAY',/, 
& IX,'TEMPERATURE OF WELL WATER: ',F4.1,' F',/, 
& IX, 'INDOOR WATER TEMP ENTERING HEAT PUMP: ',F4.1,' F',/, 
& IX, 'OUTDOOR WATER TEMP ENTERING HEAT PUMP: ',F4.1,' F',/, 
& IX,'MAXIMUM TEMP DIF FOR ABS(T14N-T14): ',F5.3,' F',/, 
& IX,'RUN PROGRAM FOR THIS LENGTH OF TIME: ',12,' DAYS',////) 
************ WRITE TITLES FOR OUTPUT ********************************** 
IF{LOAD.EQ.1) THEN 
WRITE(6,22) 
22 FORMAT(///,4X,'HEATING MODE DATA',//) 
ELSE 
WRITE(6,25) 
25 FORMAT(///,4X,'COOLING MODE DATA',//) 
ENDIF 
WRITE(6,27)SZ,Vo,LTW,LTG,ALl,AL2 
27 F0RMAT(1X,'SIZE=',F4.1,' TON',2X,'GPM=',F4 .1,2X,'HX LENGTH=', 
& F6.1,' FT',2X,'GRND KX=',F5.1, ' FT',/,2X, 'AL1=',F4.2,6X,'AL2= 
&',F4.2,/) 
WRITE(6,30) 
30 F0RMAT(1X,'DAY',3X,'HOUR',3X,'QHPI',3X,' QHP0',3X,' P ',3X, 
& • iij'.BX.' T14".3X," T15'.3X,' Tx6',3X,' TT^'? ,/ 
& • J _ 
& 8X,'HR',2X,'BTU/HR',2X,'BTU/HR',2X, 'BTU/HR',5X, 'F', 6X, ' F' , 6X, 
C •••=•! CV IS! ' J .  f  f  ^  f  f  -  / / /  
* CALCULATE STORAGE TANK SURFACE AREAS * 
PI = 3.14159 
R = D / 2 . 0 
AC = PI*D*L ! CYLINDER SURFACE AREA 
AS = 4.0*PI*(R**2.0) i SPHERE SURFACE AREA 
C********** CALCULATE SECTIONAL AREAS OF CYLINDER & SPHERE ************ 
ACl = AC/4.0 ! THESE REPRESENT LENGTHWISE 
AC2 = ACl ! QUARTER SECTIONS OF THE 
AC3 = ACl 1 CYLINDER. 
AC4 = A.C1 
AS2 = 2.0*PI*(R**2.0)*( C0S(PI/4.0)-COS(PI/2.0) ) 
A.S3 = A.S2 
ASl = AS/2.0 - AS2 
AS4 = ASl 
C*********** CALCULATE OUTER AREA OF TUBING (IN SQ FT) **************** 
100 
ATG = PI* (DTo/12 . 0) *LTG ! SQ FT OF TUBING IN GROUND 
ATW = PI* (DTo/12 . 0) *LTW 1 SQ -FT OF TUBING IN TAl^K 
* CALCULATE 12 COMBINATIONS OF UAs FOR THE TANK 
* UNITS ARE (BTU/HR-F) 
•k-k-k-k-k-k-Jc-k-kifiKrk-ie-k-kie-k-k-k-k-k-k-kie'k-k-ic-k-kic'k-k-k'kicickicicic-k-k-k-k'k-k-k-kie-ic'k-k-k-k'is'k-k-k-k-kic-k-kic'kik-k-icic'k-k 
UACIR = U1R*AC1*0.318 I 31.8% OF AREA IS RIBBED; AIR 
UACIW = U1W*AC1*0.682 ! 68.2% OF AREA IS WALL; AIR 
UASl = U1EC*AS1 ! TOP SECTION OF SPHERE; AIR 
UAC2R = UR*AC2*0.31S ! SECOND QUARTER RIBBED; WATER 
UAC2W = UW*AC2*0.682 ! SECOND QUARTER WALL; WATER 
UAS2 = UEC*AS2 ! SECOND QUARTER END CAP; WATER 
UAC3R = UAC2R ! THIRD QUARTER SYMMETRIC TO 
UAC3W = UAC2W 1 SECOND QUARTER IN AREA AND 
UAS3 = UAS2 : OVERALL Hx COEF PRODUCT; WATER 
UAC4R = UR*AC4*0.318 ! FOURTH QUARTER RIBBED; WATER 
UAC4W = UW*AC4*0.682 I FOURTH QUARTER WALL; WATER 
UAS4 = UEC*AS4 ! FOURTH QUARTER END CAP; WATER 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
* CALCULATE UA TOTALS FOR THE FOUR QUADRANTS OF THE TANK 
UAT(l) = UACIR + UACIW + UASl 
UAT(2) = UAC2R + UAC2W + UAS2 
UAT(3) = UAC3R + UAC3W + UAS3 
UAT(4) = UAC4R + UAC4V7 + UAS4 
•xitZKlCK'X'X'X-K-XIK'XrKrK'Xtdck'ie-klK'K'X'XTC-X-X'K'X'K'X'X'X'X-X'X-XtC-X-X'XX'X'X'K'KlC'X'X'X'Xie'X'X'Xie'X-X'K'X-XlC'X-X-X-K-X-X-X-K-XT: 
* CALCULATE MASS FLOW:^TES 
Mi = Vi*500.34 1 INDOOR (Ibm/HR) 
Mo = Vo*500.34 i OUTDOOR (Ibm/HR) 
Mt = Vt*500.34 ! WELL WATER (Ibm/HR) 
* CALCULATE SOIL DEPTH AT THE MIDDLE OF EACH QUARTER SECTION OF THE TANK 
'^'k-k-k-^-k-k-k-k-k-ic-krk-k-k-k-k-krk'k-k-k-k-ic-kic-kicie-kic'ic-k-k-kic-k-kicic'k-kic-k-k-k'k'k'kicic'k-k-k-ic-k-k-k-k-k-k-k-kicie-k-k-kir-k-k-k 
y = R*SIN((45.0/2.0)*PI/180.0) 
D1 =: O n J rp(->-n r\v m^vTV" O "Cri 
D2 = Dl+R-Y 
D3 = Dl+R+Y 
D4 = Dl+D 
D6 = 6.0 ! TUBING IN GROUND IS 6 FT DEEP 
CALCULATE VOLUME OF WATER IN TANK ASSUMING THAT THE TOP QUARTER OF 
* CYLINDER SURFACE AREA AND CORRESPONDING SPHERE AREA ARE IN AIR. 
AVI - PI - (R^'^^2 . 0) *4 5 . 0 / 3 60 . 0 
J./^ i-T vuijumr, 
1/8 CYLINDER X-SECTIONAL AREA 
X = ( (R**2 . 0)/2 . 0) **0 . 5 ! HEIGHT OF H20 ABOVE MID-TA1;K 
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AV2 = X**2.0 
AV3 = AVI 
VC2 = (AV1+AV2+AV3)*L 
VC = VC1+VC2 
1 CYL VOL OF H20 ABOVE MID-TANK 
1 VOLUME OF K2 0 IN CYLINDER 
VSl = 2.0/3.0*PI*(R**3.0) 1 1/2 VOLUME OF SPHERE 
VSU = PI*((R-X)**2.0)* (R-(R-X)/3.0) 1 SPHERE VOL OF AIR 
VSL = VSl-VSU 
VS = VSl+VSL ! VOLLUE OF WATER IN SPHERE 
VT = VC+VS VOLUME OF WATER IN TANK (FT"3] 
i GALLONS: 7.4805 GAL/FT^3 
! MASS: 62.4 lbm/FT"3 
VGAL = VT*7.48 05 
VLBM = VT*62.4 
PRINT*, 'VGAL= ',VGAL 
*********************************************************************** 
* CALCULATE GROUND TE14PERATURES, TG{I), AS A FUNCTION OF SOIL 
* DEPTH, SOIL THERMAL DIFFUSIVITY, AND DAY OF THE YEAR (H,AL,DAY). 
* THESE ARE DETERMINED BY THE STATEMENT FUNCTION "TE (H, AL, DAY) " 
* WHICH IS LOCATED BEFORE ANY EXECUTABLE STATEMENTS, JUST AFTER 
* THE DECLARATION STATEMENTS. 
*********************************************************************** 
DAYi = DAY 
HR = 1.0 
40 DO 50 1=1,5 
AL = AL2 
IF(I.EQ.1)THEN 
H=D1 
TG(I) = TE(H,AL,DAY) 
ELSE IF(I.EQ.2)THEN 
u—no 
TG(I) = TE(K,AL,DAY) 
ELSE IF(I.EQ.3)THEN 
H=D3 ! 
TG (I) = TE ( H, AJL, DAY) 
ELSE IF(I.EQ.4)THEN 
H=D4 
TG(I) = TE(K,AL,DAY) 
ELSE 
AL=AL1 
K=D5 
rnn f T \ — r r - c f - L j  r . r  
END IF 
C r\ CCN'^INUE 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
**** BALANCE TEMPERATURES IN THE LOOP BEFORE RUNNING HEAT PUMP ***** 
IF (DAY.EQ.DAYi)THEN 
QHPO=0.0 
60 CALL EBAL(HR,LOAD,QHPO,UAT,TG,T14N) 
DIF=ABS(T14N—T13 ^ 
PRINT*,'T14N= ',T14N,'T13= ',T13 
IF (DIF.GT.DLTA)TKEN 
'T'14= (T14N-i-T14 ) / 2 .0 
GOTO 60 
ENDIF 
ENDIF 
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90 IF(SZ.EQ.1)THEN 
GOTO 10 0 
ELSEIF(SZ.EQ.5)THEN 
GOTO 110 
ELSEIF(SZ.EQ.10)THEN 
GOTO 111 
ELSE 
GOTO 112 
END IF 
100 CALL HPUMP(L0AD,Vo,T14,QHPI,P) 
GOTO 115 
110 CALL HP5TON(LOAD,Vo,T14,QHPI,P) 
GOTO 115 
111 CALL HP10TON(T14,QHPI,P) 
GOTO 115 
112 CALL EXPTON(LOAD,Vo,T14,QHPI,P) 
115 IF(LOAD.EQ.1)THEN 
QHPO = QHPI - P ! HEATING 
ELSE 
QHPO = QHPI + P i COOLING 
END IF 
CALL EBAL (HR, LOAD , QHPO, UAT, TG, T14N) 
T14 = T14N 
************** CALCULATE HOURLY DATA *********************** 
QO = QHPO 
01 - QHPI 
PD = p 
*********************** OUTPUT RESULTS ******************************** 
WRITE(6, 120) DAY,HR.QI,Q0,PD,T13 ,T14 ,T15,T16,TTW 
12 0 FORMAT(ix,I3,3X,I3,lX,3F8.0,5(2X,F5.1) j 
IF( (DAY-DAYi) . LT . TIME) THEN 
uei.1 — T  x « u / ^ 4 . u  
HR = HR + 1.0 
GO TO 40 
END IF 
CLOSE(UNIT=6) 
STOP 
END 
•^•k-k-k-kic-k-kic-k-k-kic-k-k-k-kieie-k-k-k-k-k-kicieic-k-k-k-k-ic-k-ic-k-k-is-ic-kic'kicieis-kie-k-k-kie-kicieicicic-k-ir-k-k-kic-k-k-k-k-k-k-k-k 
o u i_i  J. !•< i ni^urif- r uK i.O iort r-urir" 
********************************ijt*******************i***************** 
SUBROUTINE HPUMP (LOAD, Vo, T14 .  QKPI, P) 
REALMS V"o ,  T14 ,  QKPI, P 
INTEGER LOAD 
\ , J.) m ri-iH u • v u • ny • . h ; ; J. niLit 
QKPI = 130.2*T14 -r 14230. 0 ; KEATING vvITK 
P = (5.25*T14 + 1355. 0)*3 .412 ! Vo AT 2.4 GPM 
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ELSEIF((LOAD.EQ.1) .AND. (Vo.EQ.4.9))THEN 
QHPI = 133.25*T14 + 14363.0 - " 1 HEATING WITH 
P = (5.65*T14 + 1366.0)*3.412 - ! Vo AT 4.9 GPM 
ELSEIF((LOAD.EQ.1).AND.(Vo.EQ.6.0))THEN 
QHPI = 140.55^T14 -r 14400.0 I HEATING vvITH 
P = (5.75*T14 + 1368.0)*3.412 1 Vo AT 6.0 GPM 
ELSEIF((LOAD.EQ.2) .AND. (Vo.EQ.2.4))THEN 
QHPI = -54.15*T14 -i- 22830.0 ! COOLING WITH 
P = (9.8*T14 + 868.0)*3.412 ! Vo AT 2.4 GPM 
ELSEIF((LOAD.EQ.2) .AND. (Vo.EQ.4.9})THEN 
QHPI = -53.65*T14 + 23062.0 ! COOLING WITH 
P = (8.9*T14 -r 885. 0) *3 . 412 I Vo AT 4 .9 GPM 
ELSE 
QHPI = -53.6*T14 + 23167.0 ! COOLING WITH 
P = (8.55*T14 + 892.0)*3.412 ! Vo AT 6.0 GPM 
ENDIF 
RETURN 
END 
* SUBROXJTINE KP5T0N FOR A 5 TON KEAT PUMP 
SUBROL^TINE HP5T0N (LOAD, Vo , T14 , QHPI, P) 
REAL*8 Vo,T14,QHPI,P 
INTEGER LOAD 
IF((LOAD.EQ.l) .AND. (Vo.EQ.8.0))THEN 
QHPI ^ 394.8*T14 + 45425.0 ! HEATING WITH 
P = (25.25*T14 4218.0)*3.412 1 Vo AT 8.0 GPM 
ELSEIF((LOAD.EQ.l) .AND. (Vo.EQ.15.9) ) THEN 
QHPI = 422.4*T14 + 45592.0 ! HEATING WITH 
P = (27.65*T14 + 4187.0)*3.412 ! Vo AT 15.9 GPM 
ELSEIF((LOAD.EQ.l) .AND. (Vo.EQ.20.0) ) THEN 
QHPI — 4/0.G5"Tx4 ~R 45761.0 I Hxj-No WJLXH  
P = (32. 05*T14 -f 4119. 0) *3.412 ; Vo AT 20.0 GPH 
ELSEIF((LOAD.EQ,2).AND.(Vo.EQ.S.0))THEN 
QHPI = -174.05*T14 + 72541.0 I COOLING WITH 
P = (37.4*T14 + 3085.0)*3.412 ! Vo AT 8.0 GPM 
ELSEIF((LOAD.EQ.2) .AND. (Vo.EQ.15.9) ) THEN 
QHPI = -174.4*T14 + 74828.0 1 COOLING WITH 
P = (34.4*T14 + 2830.0)*3.412 ! Vo AT 15.9 GPM 
ELSE 
QHPI = -175.4*T14 -i- 75397. C ! COOLING WITH 
P = (3 3.S*T14 -4- 2774.0)^3.412 I Vo AT 2 0.0 G?H 
ENDIF 
RETURN 
•CXTTI 
****************** 
* SUBROUTINE HPIOTON 
*********************i*************************i*********************** 
SUBROUTINE HPIOTON(T14,QHPI,P) 
REAL*8 T14,QHPI,P 
QHPI = 31231.7 4- 1431.0«T14 ; HEATING AT Vo=44gt:ni 
P " (4521.67 102 5*T14)*3 412 
RETURN 
END 
***********************************************jt^********************** 
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* SUBROUTINE EXPTON 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
S» — ^ v ^ r r » o \ T  /  t  r >  t t # - .  T " / •  ^ U ' D  T  T >  ^  ~  UDKV-ZU X Xii iL^vr" X ^ xjwrvi-/ / r *- / 
REAL*8 VO,T14,QHPI,P 
INTEGER LOAD 
IF(L0AD.EQ.1)THEN 
! HEATING 
QHPI = -1.32906E4 + 420*T14 
P = -1344.47 + 152.897*T14 
ELSE 
QHPI = -125.0*T14 + 12500.0 ! COOLING 
P = 51.9868*T14 + 899.35 i COOLING POWER (3TU/KR) 
END IF 
RETURN 
END 
* SUBROUTINE EBAL 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
SUBROUTINE EBAL(HR,LOAD,QHPO,UAT,TG,T14N) 
IMPLICIT DOUBLE PRECISION (A-H,0-Z) 
INTEGER I 
REAL*8 Mo,Mt,MCR 
DIMENSION UAT(4),TG(5) 
C0MM0N//T13 ,T14,T15,T16,TWI,TTW,ATW,ATG,RT,RTG,Mo,Mt,VLBM 
U A  = 0  
UATG = 0 
50 60 1= 1,4 
UA = UA + UAT (I) 
UATG = UATG + UAT(I)*TG(I) 
60 CONTINUE 
CP = 1.001 
MCR = Mc*C?*RT 
MCRG = Mo*CP*RTG 
i SUM OF UA-PRODUCTS 
! SUM OF UA(I)*TG(I) 
! BTU/lbm-F 
I TTT''^ 2 
1 FT'^2 
************ T13 IS THE EXIT TEMP TO THE OUTSIDE FROM THE HP ********** 
IF (LOAD. EQ. 1) THEN 
T13 = T14 - QHPO/(Mc*CP) 
ELSE 
T13 = T14 + QHPO/(Mo*CP) 
ENDIF 
********** 'i;i6 IS THE ENTRANCE TEMP TO THE HX COIL IN THE TAl^K *"^"****** 
X-LO ~ ^ / "i" x G ^ O / 
************* CALCULATE THE TEMPERATURE OF THE TAJrfK WATER ************* 
C TTV7 = (Mt*CP*TWT*fUATGH~Mc*C^*T16 " (1. C—EX? C ~ATW/MCR) ) )/ 
C & (Mt*CP-i-UA+Mo*C?*(l. 0-EXP(-ATW/MCR) ) ) 
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TTW = (TWI+(Mo*CP*T16*(1.0-EXP(-ATW/MCR))+UATG)* 
& ( (1-EXP( (-Mt*HR)/VLBM) ) / (Mt*CPH ) / 
& (1+ (UA-Mo*CP* (EXP (-ATW/MCR) -1. 0) ) * (i . 0-EXP( (-Mt*HR) / VLBM) ) / 
& ' (Mt*CP)) 
********** T15 IS THE EXIT TEMP FROM THE HX COIL IN THE TANK ********** 
T15 = (T16-TTW) *EXP(-ATW/MCR) + TTW 
***************** T14N IS A NEW T14—ENTERS KP OUTDOOR SIDE *********** 
T14N = (T15-TG(5))*EXP(-ATG/MCRG) + TG(5) 
r\£.X urCi^i 
END 
10 . 0 
27 .  0 
1.049 
7 0 . 0  
530.0 
0.05 
5 
5 . 0 
3.0 
52 . 0 
29 . 0 
31 
0.2340 
0.0369 
0.1970 
0.7470 
0.0414 
0.4670 
0.40 
0.35 
52 . 0 
80 . 0 
50. 0 
1.0 
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APPENDIX D 
EQUATION DEVELOPMENT AND CURVE FITS FOR SYSTEM MODEL 
108  
The mathematical mode! was based on the energy gams and losses throughout the 
system. Those gains and losses, depicted in Figure D.l as heat rates, q. are described below. 
energy gained/lost by well water rlow rate 
^Uipo - ''^4 ' energy to/from the outdoor side of the heat pump 
qhpi = p V'/c ( T y  -  T f ^ )  energy to/from the indoor side of the heat pump 
a/.__ = p V„c {T.J - T2) energy to/from the heat exchanger 
q^l = ^p-^p iT^ii - Tp) heat exchange between the piping and the ground. 
'/i?2 = '^'Ar ''^?2 " exchange between the tank and the ground 
Power = the power consumed by the heat pump and circulating pumps 
'llipo 
Power 
<1 
Vo 
L 
Miipi 
I I I :  A T  
F ^ U M P  
< 
r 
<1^2 I A N  
A l  i :  X C M A N C i l  I -
T. 
«2 
1| Vj 
t;w ^(;w 
Mt 
Ki{^ui( C I). 1 Kiierj^y (.iyiiis/losstis and other parameters 
used ill riiatheiiiatical model development 
1 1 0  
Formulas used in the development of the heat pump system model follow. 
ni„cp 
T 2  =  { T 4 - T ^ \ ) e x p [  .  ]  +  r ? i  
moCpR^ 
mi t 
i  -< : A K- . 
. 1 - exp nu 
+  { m  o C p T 2 [ \ - Q X T p  m o c p R  w j -f UAI g 2] { ; } 
t t / j  ^  
— t  11 = ^ 
{l + [I6^A-moCp(exp ^ 
m: f, 
A H- ~ ( 
ZT''^ 1 — P ' x p  
mtcp 
Aw 
r 3  =  ( 7 2 - r r ) e x p  +  T t  
-{-r^ ) 
T 5 „  =  ( r 3 _ r . , i ) e x D  +T'^\ 
V '  '  ^ X 
Also used were the following forrnulas: 
qhno = qhpi-P (Heating Mode) 
Qhpo = Qhpi + P (Cooling Mode) 
Curve Fit Equations 
Experimental Heat Pump Unit 
Heating 
qhp, = -1.32906E4 + 420*T5 (Btu/h) 
P= -1344.47+152.897*75 (Btu/h) 
Cooling 
qhpi = -125*75 + 12500 (Btu/h) 
P = 51.9868*714 + 899.35 (Btu/h) 
** I V*n fVlnriciS 9 imiT 
Heating (2.4 gpm water tlow rate) 
qhpi = 130.2* 7 5  +14230 
P = (5.25*75 + !365)*3.412 
Heating (4.9 gpm water flow rate) 
qhpi = 138.25*75 +14363 
P = (5.65*75 + !366)*3.412 
Heating (6.0 gpm water flow rate) 
qhpi = 140.55*75 + 14400 
P = (5.75*7^ = i368)*3.4I2 
(Btu/h) 
(Btu/h) 
(Btu/h) 
(Btu/h) 
(Btu/h) 
(Btu/li) 
1 1 2  
Cooling (2.4 gpm water flow rate) 
'Hhni ~ -54.14^^X5 + 22830 
P = (9.8=^15 + 868)=^3.412 
Cooling (4.9 gpm water flow rate) 
qhpi = -53.65*15 + 23062 
P = (8.9*T5 + 885)=^3.4!2 
Cooling (6.0 gpm water flow rate) 
qhp. = -53.6=^15 + 23167 
P = (8.55*75+ 892)*3.4I2 
(Btu/h) 
(Btu/h) 
(Btu/h) 
(Btu/ri.) 
(Btu/h) 
(Btu/h) 
5 Ton Mode! Unit 
Heating (8.0 gpm water flow rate) 
Qhp, = 394.8*T5 + 45425 
P = (25.25*75+4218)*3.412 
MpnrmcT r Q anm WPTPT flow » c  ^ ' O*" 
qhp.; = 422.4*75 +45592 
P = (27.65*75 +4187)*3.412 
Heating (20.0 gpm water flow rate) 
qhp. = 470.85*75 +45761 
P — (32.05=^ i 5 + 41 i y )'^3.41-! 
(Btu/h) 
(Btu/h) 
(Btu./h) 
(Btu/h) 
(Btu/h) 
Cooling (8.0 gpm water flow rate) 
qhp, = -174.05*75 + 72541 
P = (37.4*75 + 3085)"3.412 
(BtUyTl) 
(Btu/h) 
1 13 
Cooling (15.9 gpm water flow rate) 
q^ni = -174.4*75 + 74828 (Btu/h) 
P= (34.4=^75 + 2830)=^3.412 (Btu/h) 
Cooling (20.0 gpm water flow rate ) 
qhpi = -175.4*75 + 75397 (Btu/h) 
P = (33.8*75 + 2774)*3.412 (Btu/h) 
10 Ton Model Unit 
Heating (44 gpm water flow rate) 
q^p, = 1431*75 + 31231.7 (Btu/h) 
P = (102.5*75 +4521.67)*3.412 (Btu/h) 
1  14  
APPENDIX E 
STORAGE TANK CHARACTERISTICS 
USED FOR SYSTEM MODEL DEVELOPMENT 
115  
The composite rib construction of the Owens-Coming well water storage tank is 
shown in Figure E. 1. 
9,2.^  CiiOPPED GLASS 
AtJD RESif^ V.lTM 
OR VilIllCUI 
/— 99 ENDS 113 YIELD 
- n "  ! /  R O V I N G  O R  E G U i V A L E l i !  
J. jj 
/I ^'iQ rORM 
/ i / 
^ ' 
RiB FOOT- L /V 
' / 
15' 
b"R\;' l.a5" R!B FORM liClGIII 
L 
\ ^ jiiELL WAl.L I'HERlOR 
10' SWT COMPOSiir RiB CONSTRUCTiON 
USING QWT-TYPE II RlB FORM (TYPE 13) 
Figure E.l Storage tank composite rib construction 
In developing the system model, the rib section was evaluated as a rectangular cross section 
oc in >-• ' for^rrrH /-i t r*r* r* c tT-> foUori oc Hoit or rh#:* «ci7m nt 
base and top lengths of the trapazoid. 
rj "5«» 
'I 
J 
T 
1.85" 
1 
V 
0.: 
.h.._ ;.]5" 
Figure E.2 Rectangular cross-section used to development tank model 
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The overall heat transfer coefficients were then determined using the formulas below for the 
various sections of the tank. 
Uj- = (1/h^vi+2t{/kf + t^/k^+2/hri)"' Rib section of tank 
— (I/h^.j + t|-/kf)' 
L'^ = (1/h^.j + tf/kf)"' 
Plain wail section of tank 
End cap section of tank 
where 
= Heat transfer coefficient on each surface inside the rib. Btu/h ft-F 
h^i = Heat transfer coefficient on the inside wall of the tank (air/water). Btu/h ft-F 
k^ = Conductance of the air, Btu/h ft F 
Nf = Conductance of the fiberglass, Btu/h ft F 
t^ = Depth of air inside the rib. ft 
tf = Thickness of the fiberglass, ft 
cross-section—ribbed, nonribbed and end cap—and two fluid conditions—water and air—for 
each of the three tank sections. 
The overall heat transfer values calculated and used in the system model are displayed 
in Table E.l. 
are si.x overaii heat transfer coeffici'!'"''- '"e uink. One io r  cacli tvoc oi tank 
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Table E.l Overall heat transfer coefficients for various tank sections (Btu/h-ft--F) 
Non Ribbeci End Cap 
Air 0.037 
Water 0.041 
0.234 
0.747 
0.197 
0.467 
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Water Use Cvcles—Models 1 and 2 
000 -
3000 -
2000 -
iOOO -
Time, t, hours 
Figure E.3 Mode! 1 water use cycle 
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Figure E.4 rvlodei 2 water use cycle 
